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(57) Abstract 

The present invention relates to a method for manufacturing 
a diamond-silicon carbide-silicon composite from diamond particles, 
comprising the steps of forming a work piece, heating the work 
piece and controlling the heating temperature and heating time so 
that a certain desired amount of graphite is created by graphitization 
of diamond particles, thereby creating an intermediate body, and 
infiltrating silicon into the intermediate body. The invention also 
relates to a diamond-silicon carbide-silicon composite produced by 
this method. 




■mm mm 


AL 


by hi at ii i n»pwdta 





I 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


z\v 


Zimbabwe 


CI 


Cdte d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SO 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia. 


LR 


Liberia 


SG 


Singapore 







WO 99/12866 PCT/EP98/04414 

1 

Method of manufacturing a diamond - silicon carbide - silicon composite and a 
composite produced by this method. 

TECHNICAL FIELD 

5 

The present invention relates to a method of manufacturing a diamond-silicon carbide-silicon 
composite and a diamond-silicon carbide-silicon composite produced thereby. 

BACKGROUND OF THE INVENTION 

10 

There is a general need of extremely hard (superhard, >40 GPa) materials for many fields of 
application. These applications may be as tools for cutting, turning, milling, drilling, sawing or 
grinding operations etc. The hard materials may also be used for their wear, abrasion and erosion 
resistance when working as bearings, seals, nozzles or in similar cases. The materials may be 

15 working on or being in contact with cast iron, steel, non-iron metals, wood, paper, polymers, 
concrete, stone, marble, soil, cemented carbide and grinding wheels of aluminium oxide, silicon 
carbide, diamond or cubic boron nitride etc. As being the hardest material known, mono- or 
polycrystalline diamond is suitable for these purposes. Other common materials used for their 
hardness are for instance cubic boron nitride (CBN), boron carbide and other ceramics and 

20 cemented carbides, but only diamond or CBN containing materials can reach the superhard group 
of engineering materials. 

Polycrystalline bodies with diamond particles bonded by a matrix comprising metal and/or ceramic 
phases produced by sintering diamond particles in the presence of such materials are known. 
25 Because of the diamond instability and tendency to graphitize, the heat treatment is done in 
conditions of diamond stability at 1300-1600°C, in high-pressure chambers with pressures of 
30.000-60.000 atm (HP/HT). 

The drawback of this process is that bodies of only relatively small size are produced. In addition 
30 the manufacturing technology is rather complex and requires special equipment. 

Several patents reveal techniques to produce materials containing diamond, silicon carbide and 
silicon without using high pressure/high temperature. There are a number of variations of the 

1 
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process, mainly concerning the use of different carbonaceous materials (hereafter referring to all 
kinds of non-diamond carbon materials like carbon black, carbon fibres, coke, graphite, pyrolytic 
carbon etc). In principal the following steps are followed. 

A. Carbon-coated diamond particles or non-coated diamond particles and carbonaceous 
5 materials are used as precursor materials. 

Normally carbon coated diamonds are used. In the examples US patent 4,220,455 starts with 
adding a thin layer (500-1000 Angstrom) of carbon on the diamonds by a pyrolytic reaction. The 
pyrolysis is done in vacuum for a few minutes by feeding natural gas or methane, into a furnace 
with diamond particles at 1200°C. Sometimes diamonds without a pyrolytic carbon layer are used, 
10 as in US patent 4,381,271, EPO 0 043 541, EPO 0 056 596 and JP 6-199571 A Both carbon- 
coated and non-coated diamonds are mixed with carbonaceous materials as a main source of 
carbon e.g. carbon black, short carbon fibres or cloth and a binder e.t.c before the forming of 
green bodies. 

B. Forming of green bodies of the diamond particle/carbon material mixture is done in a mould, 
15 sometimes by using moderate pressure. The formed green bodies contains additionally solvents 

and temporary or permanent binders of organic materials to facilitate the forming and to increase 
the strength of the green body. 

C. Work-pieces are made by heat treating the green bodies. Some binders are vaporised without 
leaving any residues e.g. paraffin. Some binders are hardened leaving a carbonaceous residue in 

20 the work-piece, e.g. different resins like phenol-formaldehyde and epoxy resins. 

D. Infiltration of the porous work-piece with molten silicon is done to form silicon carbide in a 
reaction between the carbon and the silicon. The produced silicon carbide fills the porosity 
together with a certain amount of residual silicon. The heat treatment is done in such a manner as 
to minimise the graphitization of diamond, which is considered harmful. Examples in US patent 

25 4,220,455 makes the silicon infiltration in vacuum when the body is in a mould, at a temperature 
between 1400°-1550°C for 15 minutes, during which time the reaction between silicon and carbon 
is completed. US patent 4,242,106 uses a vacuum of 0,01-2,0 torr during the silicon infiltration. 
The required time, depending largely on the size of the body, is determined empirically and takes 
about 15-20 minutes at a temperature above 1400°C, or 10 minutes at 1500°C. US patent 

30 4,381,271 uses carbon fibres that promote the infiltration of fluid silicon by a capillary action. In 
most of the patents infiltration is made in a mould. In some earlier patents the infiltration is made 
outside the mould, like in EPO patent 0 043 541 . 

The processes where carbon-coated or non-coated diamonds are mixed with carbonaceous 
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materials might have disadvantages, e.g. difficulties in preparing homogeneous mixtures of these 
materials, difficulties of silicon infiltration due to very small pore sizes and necessity of special 
equipment for preparing homogenous mixtures. 

In the patent RU 2064399 the addition of carbon by pyrolysis is done only after the forming and 
production of the work-piece. A preformed work-piece of diamond particles or a mixture of 
diamond particles and carbide grains as filler, for instance silicon and titanium carbides, is 
produced with water or ethyl alcohol as a temporary binder. The binder is evaporated and the 
work-piece is placed in a reactor, where pyrolytic carbon is deposited on all grains of the body by 
a pyrolytic reaction from a gas phase, e.g. methane at 950°C for 10 h. After this follows silicon 
infiltration. 

The drawbacks of this process are the use of a great amount of hydrocarbon gas and that the 
processing time is rather long. If carbide grains are used as fillers, the same problems of 
15 homogenisation as mentioned above appear. 

When heat-treated in air, diamonds start to graphitize and oxidise at temperatures of about 700°C. 
The pressure, temperature, holding time, diamond particle type, size and quality, impurities in 
diamond and the atmosphere influence the speed of the process of diamond deterioration. For 
20 instance if cobalt is present, this may catalyse a reaction already at about 500°C. To prevent this 
deterioration, the heating may be done in vacuum or in an inert gas. In high vacuum and hydrogen 
gas high quality diamond is stable for long times to about 1700°C and 2000°C respectively. None 
of the methods described above use graphitization intentionally. Instead the graphitization is 
considered as harmful and unwanted. 

25 

In RU patent 2036779 a preform is moulded of diamond powder eventually together with water 
or ethyl alcohol. The preform is placed in a furnace and impregnated with liquid silicon at 1420- 
1700° in argon or vacuum. In the process the surface of the diamond grains is minimally 
graphitized, so the greater part of the diamond is still unchanged. This minor amount of graphite, 
30 reacts in contact with infiltrated silicon creating a thin surface layer of silicon carbide that keeps 
back any further formation of diamond to graphite during the used process. The drawback of this 
process is poor control and there is no method for governing the amount of produced SiC, 
residual silicon or porosity left in the composite. 
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Thus in these previous patents there is no teaching about a well-controlled step of adding 
carbonaceous materials and intentional graphitization step for production of materials with desired 
amount of diamond, silicon carbide and silicon, with low porosity and no graphite. 

5 There are some methods for improving the diamond composite materials produced by the above 
described techniques. One of them is to arrange the diamond particles as graded structures of 
concentration and size in the material. Some properties and thereby also the field of application of 
the composite will be affected by this arrangement of diamonds. 

-A method of making a material where the diamonds are size graded is disclosed in the patent 

10 EPO 0 196 777. This material is produced by sintering at high pressure and high temperature in 
the diamond stable region. The grain size and/or packing density are varied in layers between the 
front face and rear face to get different wear resistance in these parts. The hardness or wear 
resistance of the different parts of the material is determined by variation of the particle size of 
diamond or by variation of the addition of other less hard materials to the diamond particles. The 

15 diamond sizes are less than 10 jim in the front face and ranging between 75-500 jim in the rear 
face. 

The drawback of this method is that since it uses high pressure-high-temperature, the production 
of the material is more expensive and requires special equipment and there are size limitations. 

20 -There are also a number of patents using different amount of diamond in different parts of the 
composite body. The following patents US 4,242,106; US 4,247,304; US 4,453,951; EPO 0 043 
541; EPO 0 056 596 and several others, describe the production of layered structures of a final 
material with a diamond composite layer in contact with a supporting silicon carbide or silicon 
carbide-silicon substrate, for instance. US patent 4,698,070 describes the production of a 

25 composite with a diamond containing portion and a core portion united by a matrix of silicon 
carbide and silicon. Additional particle layers with another concentration than the first may also be 
provided. These layers are placed in different configurations for instance in corners, on the top, in 
the core etc. 

30 Generally the drawback of these layered materials with different diamond size or concentration is 
that there may be differences in physical/mechanical properties in the diamond containing and 
supporting layers. Differences in thermal expansion coefficient and E-modulus, for instance, might 
cause unwanted stress situations at the interface and thereby weaken the composite under stress. 
Diamonds have a relatively low tensile strength and low toughness, and a distinct difference in 
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diamond content in different parts joined by an interlayer may also affect the fracture resistance of 
composites. None of the methods described earlier result in bodies with prior specified 
distribution of diamond particles of different size throughout the material volume, with uniformly 
changing properties. 

5 

In both RU 2036779 and RU 2064399 patents the produced material has diamond particles only 
of one size, which significantly lowers its abrasive properties. 

The composites produced according to US patent 4,220,455 consist of a mixture of diamond 
10 particles of different size. This mixture is used in the whole composite, i.e. the composite does not 
have layered structures. The particular size or sizes used are chosen depending on the desired 
packing of particles and resulting body. For most abrasive applications particles no greater than 
about 60 urn are preferred. Preferably to maximise the packing of the particles they should be 
size-graded to contain a range of sizes, i.e. small, medium and large particles. Preferably the size 
15 graded particles range from about 1 jim to about 60 ^im. There are also several patents; USP 
4,231,195; USP 4,353,953 where diamonds of different size are mixed in order to control the 
packing density. 

20 The principle object of the present invention is the process for making diamond-silicon carbide- 
silicon composites having excellent properties, and the superhard material produced thereby. The 
method should be easily performed, fast and cost effective and offer possibilities to control several 
properties and cost of the final materials. 

25 SUMMARY OF THE INVENTION 

The object of the invention is obtained by a method for manufacturing a diamond-silicon carbide- 
silicon composite from diamond particles, comprising the steps of forming a work piece, heating 
the work piece and controlling the heating temperature and heating time so that a certain desired 
30 amount of graphite is created by graphitization of diamond particles, thereby creating an 
intermediate body, and infiltrating silicon into the intermediate body. 

In a preferred embodiment the amount of graphite created by graphitization is 1-50 wt-%, 
preferably 6-30 wt-% of the amount of diamond and the heating temperature during graphitization 



CONFIRMATION COPT 



WO 99/12866 PCT/EP98/0441 4 

6 

is lower than 1700°C. The heating temperature and heating time needed for the graphitization is 
empirically determined for the heating equipment used. The work piece is formed with a porosity 
of 25-60 vol-%. 

5 In a variant a certain amount of carbon is deposited in the work piece by exposing it to a gaseous 
hydrocarbon or gaseous hydrocarbons at a temperature exceeding the decomposition temperature 
for hydrocarbon or hydrocarbons and at least some graphitization of the diamond crystals is done 
before exposing the work piece to a gaseous hydrocarbon or gaseous hydrocarbons at a 
temperature exceeding the decomposition temperature for hydrocarbon or hydrocarbons. The 
10 intermediate body can be machined into the desired shape and size of the final body before the 
step of infiltration of liquid silicon. 

In a further variant the intermediate body is heated in the presence of vaporous silicon and then 
machined into the desired shape and size of the final body before the step of infiltration of liquid 
15 silicon. 

The work piece is formed with a non-uniform distribution of diamond particles with various sizes 
and qualities. The diamond particles in the work piece can be distributed in successively 
decreasing sizes from the surface of the work piece towards the centre thereof. The work piece 
20 can in a variant be formed from a homogeneous mixture of diamond crystals of various sizes 
eventually with the addition of a binder. 

In yet another variant two or more work pieces are made separately and thereafter being brought 
together before the heat treatment and the infiltration steps. 

25 

The forming of the work piece may be made in a mould, the heat treatment and the infiltration of 
silicon being made after the work piece has been taken out of the mould. 

The invention also relates to a body in which diamond particles are bonded to a matrix of silicone 
30 carbide, said body comprising at least 20 vol-% of diamond particles, at least 5 vol-% of silicon 
carbide, preferably more than 15 vol-% of silicon carbide, and silicon, the Young's modulus 
exceeding 450 GPa. 
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In an embodiment, said body comprising at least 29 vol-% of diamond particles, at least 14 vol-% 
of silicon carbide, and silicon, the Young's modulus exceeding 540 GPa. 

In a preferred embodiment, said body comprises at least 46 vol-% of diamond particles having 
5 sizes of about 30 |im at the most, the Young's modulus exceeding 560 GPa. 

In another preferred embodiment, said body comprises at least 54 vol-% of diamond particles, at 
least 60 vol-% of the diamond particles having sizes of at least 50 |im, the Young's modulus 
exceeding 650 GPa. 

10 

In all these embodiments the body maintains its shape and its Young's modulus up to a 
temperature of at least 1500°C. 

In a variant, diamond particles of sizes of about 10 ^un or less are embedded and included in the 
15 matrix, the Vickers microhardness of the matrix measured in the area between the diamond 

particles being greater than 30 GPa for a load of 20 N, the Knoop macrohardness of the matrix 
being greater than 36 GPa for a load of 20 N. 

In another variant the diamond particles have one size fraction of particles being larger than 50 
20 [im and one sizes fraction of particles having a size of 50 yim at the most, the mass ratio falling in 
the range of 0.25 to 2.5 and the mean particle size being larger than lOjirn, preferably larger than 
20jam. 

In yet another variant the diamonds have one size fraction of particles being large diamond 
25 particles and one size fraction being small diamond particles, the mass ratio falling in the range of 
0.25 to 2.5 and the mean particle size being larger than lO^un, preferably larger than 2Q\im, 

In a further embodiment the diamond particles have one size fraction being large diamond 
particles and one size fraction being small diamond particles, the abrasion rate being less than 26 
30 jW/m, preferably less than 10 urnVm. 

In a further embodiment the diamond particles have one size fraction being large diamond 
particles and one size fraction being small diamond particles, the erosion rate being less than 0.34 
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mg/g, preferably less than 0.25 mg/g. 

In a further embodiment the diamond particles have sizes less than 20 pun, the abrasion rate being 
less than 26 nmVm, preferably less than 10 |am 3 /m. 

5 

In a further embodiment the diamond particles have sizes less than 20 |im, the erosion rate being 
less than 0.34 mg/g, preferably less than 0.25 mg/g. 

In a variant of the embodiments the body is hollow. 

10 

In a further embodiment a surface of the body is coated with diamond film. 

In yet another embodiment, the body comprises large diamond particles of a size larger than 20 
inn, the matrix comprising 0-50 vol-% of small diamond particles having sizes less than 20 ^m, 
15 20-99 vol-% of silicon carbide and 1-30 vol-% silicon, the matrix hardness being 20-63 GPa. 

In a first variant, the matrix hardness is 20-30 GPa. 

In a second variant, the matrix hardness is 50-63 GPa. 

20 

In a third variant, the matrix hardness is 30-50 GPa. 

BRIEF DESCRIPTION OF THE DRAWING 

25 The invention will now be described with reference to the enclosed Figures, of which , 

Fig. 1 shows the preferred steps of the method according to the invention in a flowchart, 

Fig. 2 shows the degree of graphitization versus the graphitization time at one specific 
30 temperature, 

Fig. 3 a shows the relationship between the amount of carbon (a and y) inserted into the body at 
different initial porosity So that meet the conditions of cps.^0, in the final body 



RECTIFIED SHEET (RULE 91) 
ISA/EP 



WO 99/12866 

9 

Fig. 3 b.c shows the relationship between the final body composition and diamond graphitization 
degree in the body, with initial work piece porosity e 0 =0.3 and e 0 =05, respectively, 

5 Fig. 4 a-c shows the results of X-ray diffraction analysis of a work piece, an intermediate body 
and the final body, respectively 
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Fig. 5 shows the change of work piece porosity during graphitization at different initial work 
piece porosity, and 

10 

Fig. 6A1,6A2 show scanning electron micrograph pictures of abraded surfaces of two different 
samples. 

DESCRIPTION OF THE INVENTION 

15 

The principle object of the present invention is to manufacture diamond - silicon carbide silicon 
composites having excellent properties with an uncomplicated method in a fast, cost effective and 
controllable way. The invention comprises several principles: 

The process uses diamond graphitization intentionally instead of avoiding it. 
20 - Gradients or parameter variations of different kind are used to control both final properties of 
the product and manufacturing costs. 
- Using preforming and near net-shaping technique combined with strengthening of the 
intermediate body to enable complicated final body shapes and to avoid expensive and difficult 
machining operations of the infiltrated body. 
25 - Low cost production of large bodies and of large quantity of products. 

In the process according to the present invention, diamonds of any size may be used. By 
submicron sized diamonds is meant diamond particles smaller than 1 \xm and by small diamonds 
diamond particles smaller than 20 \xm and more preferably smaller than 10 jam. Large sized 
30 diamonds, > 20 jam, are used in several applications. For high mechanical strength, especially in 
engineering components, the size of diamond particles used shall preferably be smaller than 20 
[im. Very large diamonds with sizes larger than 60 \im are used for their abrasive ability, often in 
combination with small diamonds. 
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THE PROCESS; INTENTIONAL USE OF DIAMOND GRAPHITIZATION POSSIBLY 
IN COMBINATION WITH USE OF PYROLYTIC CARBON 

The material according to the present invention is achieved by a process that uses graphitization 
of diamond, possibly combined with pyrolytic deposition of carbon, for production of diamond- 
silicon carbide-silicon composites. This signifies that the invention uses diamond graphitization, 
i.e. partial diamond transformation into graphite efficiently and in a planned and controlled 
manner. 

Figure 1 describes the preferred process steps in a flowchart. The different steps of the process 
according to the present invention are described by the following: 

Forming of a green body is done from a mixture of diamond particles of various sizes together 
with a small amount of a temporary or permanent binder (up to 5 wt.-%), or without using a 
binder. The forming is done using established techniques, for instance by pressing, using slip and 
slurry casting, injection moulding etc. In the case when a mould is used for forming, the green 
body is removed from the mould. 

Production of a work-piece is done by evaporating or hardening and decomposing the present 
solution agents and/or binders in the green body. If a green body is produced without any binders 
it is considered as a work-piece. For provision of a uniform and controllable graphitization 
throughout the whole work-piece volume, it is undesirable to have impurities from the binder 
present therein. These may catalyse or inhibit the graphitization process. It is obvious that a 
reason for having not less than 95 wt.-% diamonds in the work-piece is that precise control of the 
amount of carbon that will be present and where, is only possible in a body without fillers and 
other additional materials. 

Heat treatment of a w ork-piece for obtaining an intermediate body. The work-piece with a 
diamond content of 95-100 weight % of the total mass is heat treated to obtain an intermediate 
body, by using controlled graphitization of diamond, or a combination of controlled graphitization 
of diamond and deposition of pyrolytic carbon, hereby referred to pyrocarbon. When combined, it 
is preferred to use graphitization prior to pyrocarbon deposition. 
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Graph itization for obtaining an intermediate body 

During graphitization the work-piece (or the intermediate body with deposited pyrocarbon) is 
heat treated in vacuum or in a controlled atmosphere, preferably an inert gas at 1000M900°C, 
5 preferably at 1200°-1700°C. Graphitization is negligible at temperatures lower than 1000°C. At 
temperatures higher than 1900°C the rate of graphitization is so high that it might be difficult to 
control with required precision, using low quality diamonds. The vacuum pressure is preferably 
lower than 1 mmHg. As inert gas nitrogen, argon, hydrogen or helium may be used, which 
provides for the absence of oxygen in the system. The inert gas pressure is not so important and is 
10 chosen according to applicability of the process, e.g. 760 mmHg. 

Pvrolvtic deposition of carbon into the graphitized intermediate body 

During pyrolytic deposition of carbon into the graphitized intermediate body (or into the work- 
piece), the body is exposed to a gas of hydrocarbon or hydrocarbons at a temperature that 
15 exceeds the decomposition temperature for the current gas or gases, for example natural gas at 
T=750°-950°C, or gas containing acetylene, methane, ethane, propane, pentane, hexane, benzene 
and their derivatives at T=510°-12OO°C. The deposition of pyrocarbon strengthens the 
intermediate body and allows machining of the intermediate body. 

20 Pre-infiltration of the intermediate body may be done in order to increase the strength and to 
allow machining of an intermediate body, as an alternative to the pyrocarbon deposition. Partial 
pre-infiltration is achieved for example by heating the intermediate body in the presence of 
vaporous silicon or by a chemical vapour deposition (CVD) method using organic silanes, such as 
the methylchlorosilane family. The strength of such a body can be controlled by the amount of 

25 silicon that is allowed to react with the graphite 

The infiltration of silicon into the intermediate or ore-infiltrated body is carried out by well- 
known methods. The infiltration may preferably be done outside of a mould for instance by 
melting solid silicon or by liquid silicon feeding on an outer surface of an intermediate or pre- 
30 infiltrated body, by using differential vacuum infiltration techniques or by dipping the intermediate 
or pre-infiltrated body into liquid silicon. There is also a possibility to apply the silicon partly or 
fully by infiltration of vaporous silicon or by the chemical methods, for instance by using 
techniques similar to sol-gel, chemical vapour deposition etc, followed by a high temperature 
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During the infiltration the chemical reaction of non-diamond carbon and silicon takes place 
resulting in the formation of silicon carbide, which together with eventual free silicon forms the 
matrix of the produced body. A final body is the product of eventual additional treatment, 
mechanical or other, of the infiltrated body. 

Specifics about formation of carbon 

Non-diamond carbon in the body may thus be achieved by the following different ways 

1 . Graphitization by heat treatment of the diamond particles in the work-piece to transform the 
surface layer of diamond to graphite. 

2. If a strengthened body for machining purposes is needed, deposition of pyrolytic carbon into 
the body is useful. The pyrocarbon part of the total carbon needed is determined by the 
required strength for the machining operation. 

3. During the heat treatment for the silicon infiltration additional graphitization is made. 

4. Eventual residual pyrolytic carbon from binders. 

Thus, the determination of contributions to total amount of non-diamond carbon is made by 

a) establishing the possible need for pyrocarbon. 

b) establishing the degree of graphitization during the heat treatment for the silicon infiltration. 

c) establishing the amount of any residual pyrolytic carbon from binders. 

d) primary graphitization makes up the additional carbon amount needed. 
Note that when no pyrocarbon is needed, process steps 1 and 3 are merged. 

Thus one feature of this invention is the ability to govern and vary the degree of diamond 
graphitization by simultaneous control of process and material parameters such as shape of the 
time-temperature curve, i.e. temperatures, holding times and heating rates, size, type and quality 
of and impurities in the diamond particles, the atmosphere and the pressure. Control 
considerations include e.g. 

1. The relative volume of silicon or alternatively residual pores, silicon carbide and diamond in 
the final body depend upon the degree of graphitization which consequently has to be 
executed with precise control. 

2. For submicron and small diamond particles it is important that the graphitization does not go 
so far that the particles disappear. The graphitization should be less than than 50 wt-% and 
preferably lie between 6-30 wt-%. 
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3. When mixing small diamond particles with large particles, the size of the small panicles must 
be carefully chosen so that the small particles will not disappear, unless so desired, and the 
large particles will be sufficiently graphitized. The graphitization should be less than than 50 
wt-% and preferably lie between 6-30 wt-%. 
5 4. The predominant method of governing the degree of graphitization is to choose the right 
shape of the temperature-time curve from about 1200° up to about 1700°C, in vacuum or in 
inert gas at atmospheric pressure, as a function of diamond particle size and quality. 

5. For different desired degrees of graphitization, suitable for materials aimed at different 
technological applications, different shapes for these curves have to be chosen. 
10 6. By choosing the correct heat treatment, it is possible to achieve a final body with very low 
porosity, no graphite and a well-balanced composition between diamond, silicon carbide and 
silicon. If the graphitization degree is low the final composite will contain a larger amount of 
silicon or porosity. The higher the degree of graphitization, the more silicon carbide the final 
body will contain. 

15 

An increase of the temperature and holding time increases in general the amount of graphite 
produced. The velocity of the graphitization front movement from the surface of a diamond 
particle into the diamond particle is determined also by the crystallographic direction and amount 
of material impurities and defects. When all other conditions are the same, the velocity of the 

20 graphitization front propagation will be the same for large and small diamond particles. However, 
the difference in particle size determines different relative graphitization degrees for large and 
small particles. The degree is significantly higher for small particles and is proportional to the 
specific area of the diamond. Thus it is important to choose optimal conditions of the heat- 
treatment in order to control the production of a material by the proposed method and it is of 

25 particular importance when using small diamond particles. 

For small particles it is very important to accelerate the heating rate in the temperature area 
greater than 1200°, because the graphitization rate depends strongly on the temperature. Thereby 
the graphitization decreases (compared to slower heating to the same temperatures) and the 
30 degree of graphitization does not exceed the desired limit (< 50 wt.-%). This makes subsequent 
liquid silicon infiltrating of the intermediate body possible. Silicon infiltration throughout the body 
will not occur unless pores of sufficient size exist throughout the body. The process of 
graphitization is delicate to control and realise. It must be adjusted to the equipment and material 
that is used. Some of these parameters have to be empirically related to match the equipment and 
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Figure 2 shows the degree of graphitization, a, versus the graphitization time, x, at one specific 
temperature. As can be seen the degree of graphitization increases more rapidly for small diamond 
5 particles (5/3, 10/7 and 14/10 ^im) compared to larger particles (28/20 and 63/50). The larger the 
size is, the slower the relative graphitization rate increases. 

One of the advantages with the graphitization process is the improvement of the diamond surface. 
Generally the cost of diamonds is related to the quality and size. It is well known that the surface 

10 layer of most diamond particles has a great number of defects. Defects and impurities on the 
surface will reduce mechanical and chemical stability. It is desired not to have surface defects and 
impurities while still not using expensive, high quality diamonds. This is achieved by intentionally 
transforming the surface layer of the diamond to graphite by heat treatment. The graphitization 
starts on the surface, gradually propagating deeper into the particle. Furthermore not only the 

15 diamond surface may be improved by diamond graphitization but also the bulk properties. 
Diffusion processes start in the diamond when it is heated. By this diffusion process metallic and 
other impurities are moved to the surface of diamond and embedded in the silicon carbide or 
silicon. As the graphitization transforms the defective layer on the diamond surface it will result in 
improvement of the total particle properties and as a consequence, of the whole composite 

20 material. To achieve these improvements the graphite layer surrounding the diamond particle 
should be at least 50 nm, preferably thicker than 200 nm. The graphitization should not be less 
than 1 wt-% and preferably be at least 6 wt-%. 
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Another very important achievement of the diamond graphitization is the extremely strong bond 
25 of the formed SiC, coating each individual diamond particle. The diamond will be bonded to the 
matrix and in a demanding application it will not be pulled out. 



During the total manufacturing process leading to a dense or near dense body with no graphite, 
certain rules must be obeyed: 
30 The porosity of the materials consists of pores of different size; larger pores and smaller pores. 
The preformed work-pieces have a certain volume percentage of porosity and certain pore sizes 
before the heat treatment and the silicon infiltration, determined by the diamond particle size and 
size distribution, by other materials that are present or added and eventual compacting of the 
green bodies. 
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The diamond content is decreasing corresponding to the amount of graphite that is formed during 
the graphitization of diamonds. The total amount of non-diamond carbon in the body, including 
added pyrocarbon or from possible residual of binder, must be controlled in order to achieve a 
final body with an optimum content of silicon carbide (produced in the reaction between the non- 
5 diamond carbon and the silicon) relative to elemental silicon, the elemental silicon filling up the 
porosity creating a dense or near dense body. 

Investigations made by the inventors show the influence of the initial porosity and degree of 
graphitization upon the properties of the final body. At a work-piece porosity of greater than 60 

10 vol.- %, the strength of the work-piece is insufficient for realisation of the subsequent steps of the 
process. When the porosity of a work-piece is less than 25 vol.-%, it is difficult to infiltrate silicon 
into the intermediate body, and the final body will have significant residual porosity. The same 
problems appear if the graphitization degree is more than 50 wt-% or if the amount of deposited 
pyrocarbon and residual carbon from binders is more than 25 wt-%, because the limiting small 

15 pores will not be sufficiently large (due to too thick carbon layers). In such cases during silicon 
infiltration, a dense layer of silicon carbide is formed in the surface zone of the intermediate body, 
which blocks the penetration of liquid silicon into internal parts of said intermediate body. 

For a given initial porosity of the work-piece e<>, the maximum amount of carbon, prepared by 
20 graphitization, deposition of pyrocarbon and any possible residual pyrolytic carbon from binders, 
that at a later processing step will allow reaction between all of the carbon with infiltrated silicon 
to form silicon carbide, is illustrated in figure 3 a. The relative amounts of graphite (a) and 
pyrocarbon plus residual carbon from binders (y) for any acceptable combination hereof are also 
distinguishable from this figure. The process is limited by the total amount of carbon related to the 
25 porosity. At a certain initial porosity, the final composite will contain a large amount of silicon if 
the amount of carbon is too small. If the amount of carbon is too large, certain amounts of 
residual carbon will be left in the final composite, which is unwanted because the carbon acts like 
defects in the material. See also the two graphs, fig.3b and fig.3c that shows the relationship 
between the graphitization degree for a certain initial porosity and the composition of the final 
30 composite. As can be seen the variation of the components diamond, silicon carbide and silicon is 
linear. As the graphitization degree increases, the carbon content increases while the diamond and 
silicon contents decrease. 
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These figures have been produced by using these following equations under the conditions that 
the total body volume does not change and that there are no pores in the produced body: 
The volume content of diamond in the final material is: <p D = (l-8o)(l-a) [eq. 1] 
where a is the graphitization degree, i.e. amount of graphite, e 0 is the initial porosity of the 
5 work-piece. 

The volume content of silicon carbide in the final material is determined by the amount of 
carbon that has reacted with silicon: 

(psic^ (l-so)(Y+a) PdMsic / (psicMc) [eq. 2] where p D and p S ic are the densities of diamond 
and silicon carbide, M S ic and Mc are the molecular masses of silicon carbide and carbon. 
10 The volume content of silicon in the final material is: cp S i= l-(q>sic + cpd) [eq. 3] 

To perform the production of non-porous material it is necessary to meet the condition of cpsi^O. 
This condition is fulfilled by the values of a and y falling into the areas shown in fig.3a. Therefore 
the amount of pyrocarbon and binder residues that may be inserted to meet the condition of (p S i>0 
in the final material depends to a large extent on the graphitization degree. 
15 The solutions of equations 1, 2 and 3 at y=0 gives the realationship between the diamond 
composite composition and initial porosity of the work-piece according to fig.3b-c. 

Figure 4 shows the results of phase X-ray diffraction analysis of samples made according to this 
process. It is obvious from Fig.4a that the initial work-piece formed of diamond powder contains 
20 a diamond phase (marked with «D»). Subsequent heat treatment of the work-piece to obtain an 
intermediate body results in formation of a graphite phase in it, as can be seen in Fig.4b (marked 
with «G»). In the subsequent silicon infiltration of the intermediate body, the silicon reacts with 
graphite and produces silicon carbide. Fig.4c shows that the graphite is absent in the final product 
and that diamond, silicon carbide (marked with «SiC») and silicon (marked with «Si») is present. 

25 

USE OF PARAMETER VARIATIONS OF DIFFERENT KIND 

Parameter variations may be applied to the material during various processing steps to control 
both final properties of the product and the manufacturing cost. The variation may be a successive 
change of a parameter, i.e. a gradient. Different combinations of gradients and/or parameter 
30 variations may be applied to the entire body or parts of the body. 
The applied parameters are: 

• diamond particle size 

• diamond quality 
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• diamond bonding 

• porosity and pore sizes 

• amount of silicon carbide and silicon 

Several of these parameters are dependent on each other. In the following examples of controlling 
5 the final properties by the use of gradients and combinations thereof will be shown. 

Variation of the diamond particle size: 

Combination of diamonds of different sizes 

10 The material according to the present invention may include not only one but several sizes of 
diamond particles. The use of diamonds of several sizes in the material gives it special 
characteristics. Large diamond particles provide the material with good abrasive properties 
(hereby referred to abrasive, wearing, cutting and other mechanical material removing properties). 
However, lower relative wear resistance of the SiC/Si matrix may lead to debonding, loss of these 

15 large diamonds from the matrix, especially under severe operational conditions thereby decreasing 
the lifetime of a composite tool. By combining large diamond particles with small in a 
homogeneous mixture, the lifetime of the tools will increase due to an increased wear resistance 
of the formed new matrix. Small diamond particles reinforce the composite. Being distributed 
throughout the whole SiC-Si matrix, small diamond particles increase the Young's modulus, the 

20 thermal conductivity, the hardness, the wear resistance etc. For instance, when about 40 vol-% of 
diamond particles with a size of about 10 pirn are included in the SiC-Si matrix, the Young's 
modulus will increase from 400 to 650 GPa and the thermal conductivity will increase from 80 to 
250 W/mK, if compared to a SiC-Si matrix without diamonds. So, the use of small diamonds 
together with large gives not only enhanced material properties but also is more economical than 

25 only to use large. 

Gradient of diamond sizes 

Generally the drawback of producing materials with different diamond size or concentration in 
different parts (that has been compacted together before silicon infiltration) is that there may be 
30 differences in physical/mechanical properties in the layers. These differences might cause 
unwanted stress situations at the interface and thereby weaken the composite. 

By the method of the present invention it is possible to produce a material with prior specified 
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distribution of diamond particles of successively changing size throughout the body volume, a size 
gradient material, with uniformly changing properties that will overcome or strongly decrease 
these above mentioned drawbacks. 

5 A practical way of producing a composite with a gradient arrangement is, for instance, to form a 
body with three different parts in a mould. In the first part a mixture of particles with sizes A, B 
and C is used. The second part consists of particles with sizes A, C and D. The third part consist 
in turn of particles with sizes A, D and E. Diamond particles of size A are smallest. To have small 
diamonds (size A) throughout the body increases the strength of the matrix, i.e. material between 
10 the larger diamond particles. After being placed in the mould, these individual parts are vibrated, 
and then finally pressed together. The parts are then bonded by the graphitization, 
pyrocarbonization and during the silicon infiltration. The smooth transition in particle size 
between the parts through the body volume will form a size gradient material and the small 
diamonds of size A will strengthen the matrix. 

15 

Advantages with a gradient arrangement is the possibility to enhance certain properties depending 
on the diamond particle size in desired parts in the material, for instance to increase the wear 
resistance in areas being exposed to wear. One practical example is when used as sealings and 
bearings. In addition the use of small diamonds is more economical than only to use large. 

20 

Variations of the diamond quality 

Diamonds of high quality are generally more expensive than diamonds of lower quality. The term 
quality is understood as something that varies with the following parameters; mechanical and 
optical properties, if it is well crystallised or not, defects like inclusions and cracks (mostly in the 
25 surface), shape, if they are synthetic or natural etc. 

The material according to this invention may be produced by using cheaper diamonds of lower 
quality in those parts of the composite, which at application need less performance. Good quality 
diamonds are used to enhance the properties and the performance in critical areas. By this way it 
30 is possible to lower the total cost of diamonds. Additionally graphitization will improve the 
surface of diamonds of lower surface quality. 

Variations of the bonding of large diamonds 

The material according to our process can be used for various fields of application, from tools for 
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grinding, turning, milling, for instance, to applications where the material that is in contact with 
the composite is not aimed to be affected. 

Our process allows adjustment of the material to different fields of application by optimising the 
5 performance of the composite for each field. Due to its superior hardness, diamond is the 
component in the composite that is used for the main part of the work effort, therefore this 
adjustment may be done by altering the diamond parameters; type, particle size and concentration. 

There are several types of diamond particles; from well crystallized blocky single crystals with 
10 sharp cutting edges to types consisting of different diamond layers on top of each other, e.g. 
onion-shaped, where each layer has cutting edges. The latter type is sometimes referred to as 
friable. These two types have significantly different properties and between these extremes there 
are a large variety of diamond types. 

15 In other materials, for instance when used for grinding wheels, it is known that the chosen 
diamond type has a great influence on the properties of the grinding wheel. To adjust the 
properties in a proper way it is however necessary to adjust the bonding force of the diamonds to 
the diamond type used. 

20 In known grinding wheel materials it is difficult to achieve such detailed adjustment of the bond 
needed for optimal performance. Principally three different types of bonds are used for grinding 
wheels; resin bond, metal bond and vitreous bond. 

By the method according to the invention there are good possibilities to make an adjustment of 
25 bond of larger diamonds (>20|im) and properties of the bonding matrix (here consisting of small 
diamonds, silicon carbide and silicon). A suitable hardness of the matrix can be chosen by varying 
the concentration of small diamonds of size < 20 ^im, preferably < lOjim (0-50 vol.-%); silicon 
carbide (20-99 vol.-%) and silicon (1-30 vol.-%) and thereby also the wear resistance of the 
matrix and the subsequent bond of the larger diamond particles. 

30 

It is possible to choose the hardness of the matrix within a range of about 20-63 GPa by varying 
the composition of the matrix; hardness of diamond is about 100 GPa, of silicon carbide about 25 
GPa and of silicon much less than 10 GPa. By this kind of adjustment the performance of our 
improved material is optimized for various applications. 
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A matrix hardness of 20-30 GPa is preferable for diamond types requiring a relatively weak bond; 
50-63 GPa for diamond types that need a strong bond; and a hardness of 30-50 GPa for diamond 
types or mixtures requiring intermediate bonding strength. 

5 

Variations of the porosity and pore sizes in the work-piece; Gradient of porosity and pore 
sizes 

By the present method it is possible to produce an intermediate body with different amount of 
porosity and various pore sizes throughout the body. By this method it is possible to produce a 
10 work-piece with total porosity ranging from 25 % to 60% and with pore sizes ranging with the 
size of the diamond particles. 

The pore structure determines the extent to which it is possible to infiltrate silicon so that all of 
the non-diamond carbon in the intermediate body is reacted with the silicon. Too small pore sizes 
15 and also too little porosity, unsuitable distribution of pore channels, improper infiltration, too high 
viscosity of the silicon etc may lead to blocking of infiltration because produced silicon carbide 
prevents molten silicon to penetrate the material further, throughout the whole body. Especially 
narrow pores are critical because they can easily be clogged, which will block and interrupt 
further infiltration. 

20 

This prevention of the infiltration has earlier been one of the limitations for producing thick and 
large infiltrated bodies useful for such purposes as engineering details, structural components, 
load carrying devices such as bearings etc. 

25 By distributing diamond particles of successively decreasing sizes from the surface of the green 
body towards the centre, a body with a pore size gradient is made. Pores of increasing sizes from 
the centre of the body towards the surface will facilitate the infiltration by allowing silicon to 
penetrate the inner parts of the body by minimising the risk of blocking the infiltration near the 
surface zone. This build-up of the porosity makes possible to produce larger bodies than before. 

30 In addition in the present method a controlled amount of carbon is placed tightly to the diamond 
particles and is not placed between the diamonds, which is advantageous when creating a suitable 
pore structure. 

In practise the pore size gradient is easily achieved with the diamond size gradient and also by 
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variation of the packing density of the diamonds in the green body, the diamond loading. 

Variation of the amounts and gradient structure of silicon carbide and/or silicon 

The silicon carbide and silicon matrix is tightly bonded to the diamond particles providing 
excellent properties of the material according to the present invention. Furthermore the silicon 
carbide content is important for the properties of the material, affecting for instance the hardness 
and the bonding of diamonds. The amount of silicon will also affect the properties - increased 
silicon content will lower the hardness and wear resistance. Other properties that are affected by 
the composition is for instance thermal conductivity increasing with the diamond content, 
electrical conductivity increasing with the silicon content etc. 

Therefore a well-balanced composition between the diamond, silicon carbide and silicon is 
desired. This balance in composition depends on the intended specific application for the 
composite. By varying the composition it is possible to control the properties and thereby adjust 
them for the specific application. The way to vary the content of silicon and silicon carbide in the 
final body is to alter the amount of non-diamond carbon in relation to available porosity. This is 
done by altering the conditions of the heat treatment giving different amount of graphite formed 
and pyrocarbon added, by different amounts of non-diamond carbon left from binder residues, by 
diamond size/pore size variations etc. (A gradient of size will give a gradient of silicon carbide 
and silicon). 

When used as engineering materials fully dense bodies are preferred. However in certain 
applications like grinding wheels a porous final body is preferred. The remaining porosity must be 
controlled, which is very difficult, if at all possible, by infiltrating the intermediate body by liquid 
25 silicon. One reason is that it is difficult to add an exact amount of silicon that is necessary for the 
process, especially for small objects. This leads to lack of control of the homogeneity of the 
infiltrated body. Too little silicon would result in excess carbon in the material. The other reason 
is the lack of control of where the possible excess silicon is deposited. 

30 The remaining porosity in the final body is more easily controlled by the present method by using 
the pre- infiltration of silicon technique i.e. by exposing the intermediate body to silicon vapour or 
using Si-deposition by a CVD technique. In such process the amount of silicon added to the 
intermediate body can be controlled by a combination of the amount of vaporised silicon, the 
temperature and the pressure and time of the process. 
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Thus adding silicon vapours is another way to affect the silicon carbide and silicon content in the 
final material, independently from the other parameter variations. 

5 PREFORMING AND NEAR NET-SHAPE TECHNIQUE COMBINED WITH 
STRENGTHENING OF THE INTERMEDIATE BODY 

By this method it is possible to produce bodies of various predetermined sizes and shapes. The 
bodies produced may be large and have complicated shapes, which will be illustrated in this 
section. 

10 

By using earlier known methods the forming of green bodies of carbon-coated or non-coated 
diamonds mixed with carbonaceous materials, is done in a temporary mould or same mould as the 
evaporation/decomposition of binders and silicon infiltration. A relatively large quantity of binders 
might be required for this forming, especially when using large diamond particles. The productive 

15 efficiency is decreased by requiring a mould for each green body when placed in a furnace. The 

s 

consumption of moulds is high; the lifetime of the mould is decreased due to the high wear in the 
heat treatment processes. There might also be problems with the releasing of the composites from 
the moulds. Graphite moulds are commonly used and during the liquid silicon infiltration step 
some silicon may react with the graphite and thereby cause problems of releasing of the body 
20 from the mould. 

The preforming technique of our method is not restricted to using moulds, to the ability of 
producing moulds of complicated shapes or to the ability to release and take out an infiltrated 
body from the mould as for some other earlier known methods. The forming of the green bodies 
25 according to the present invention is made by known techniques such as pressing in moulds, tape 
and slip casting, injection moulding etc. It is possible but not necessary to use a mould during the 
forming step, heat treatment step or infiltration step. Preferably the heat-treatment and infiltration 
steps are done without using a mould. 

30 During graphitization the diamond is transformed to graphite of lower density therefore requiring 
more volume. However, the process according to the present invention is characterised by 
constant shape and size throughout all the process steps from the forming of the green 
body/work-piece through the subsequent steps into a final product (except intentional machining 
of the intermediate body). The conclusion should be that the graphitization of the diamond 
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particles affects the pores, i.e. the porosity changes in the intermediate body. Thus the method 
ensures size and shape congruity through the whole process. This near net-shaping technique 
provides for a waste-free production and makes possible to produce a final body of predetermined 
size and shape, thus the final body requires no machining except eventual finishing operations. 

5 

Fig. 5 illustrates a linear change of the intermediate body porosity, e, during graphitization versus 
the degree of graphitization, a, at different initial work-piece porosity. 

Unless it is desirable to machine or execute additional shaping of the intermediate body i.e. if 
10 there are no special requirements on the shape, it is preferred to let the carbon be derived from the 
graphitization process. 

The near net-shaping technique of our method is applicable to a great extent. Should however, 
machinability of the intermediate body be desirable in addition to the near net-shape technology, 
15 for instance if the final body requires very complicated forms, pyrocarbon depositing or pre- 
infiltration of silicon into the body is advantageous. The deposition leaves a firm body and gives 
the intermediate body excellent strength even without using any binders, which is not the case 
with an intermediate body comprising of diamond particles with only graphitized surfaces. 

20 This makes possible to machine the intermediate body with relatively advanced methods, e.g. 
milling, turning and drilling, without breaking it. This enables much more complex shapes 
compared with those that are obtained just by forming of the green body/work-piece. Besides, this 
represents considerable cost savings also because machining of the final product is extremely 
difficult due to the high hardness. 

25 

In order to choose the best relation between the amount of carbon derived from the graphitization 
and pyrocarbon process an analysis of the required additional machining and of desired properties 
must be done. It requires about 5-6 hours of heat treatment at about 850°C to deposit pyrocarbon 
into a green body with diamonds of 20/28 nm in an amount of 5 wt.-% of the total mass, while it 
30 only requires 3 minutes at 1550°C to transform about 15 wt-% of the diamond to graphite. Still 
using pyrocarbon is more economical than to machine the final produced body because such 
machining is time consuming and difficult due to the very high hardness and extreme wear 
resistance of the produced material. 
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By this method of using diamond graphitization or combining diamond graphitization with 
pyrocarbon deposition or pre-infiltration of silicon, it is possible to produce bodies of large sizes 
and of very complicated forms. Hollow bodies and bodies with holes and cavities may be 
produced by joining work-piece elements, before heat treatment and silicon infiltration. For 
5 instance, a hollow sphere may be produced by joining two hollow hemispheres, a hollow hexagon 
by joining six plates etc. This technique is very advantageous because it saves expensive diamond 
material and weight in the final body, and it gives possibilities to produce hollow components 
suitable for different engineering purposes, when being in the same time spared from additional 
expensive and tedious machining of the final material. It is also possible to produce bodies with a 
10 cavity that fits to the shape and size of a shaft of a non-circular cross section. This shaft is then 
fitted into the final composite body, eventually together with an adhesive to adhere the shaft to 
the composite. Thick and large bodies may also be produced by using pore size gradients 
facilitating the infiltration of the silicon, as described above. 

15 Furthermore when producing a composite body, pyrocarbon deposition may be used in 
preparation machining to such shapes that would have not been allowed or possible with mould 
pressing, without breaking the mould or e.g. using a mould that can be divided. 

It is obvious that there is a possibility to produce large bodies by stacking several intermediate 
20 bodies upon each other with a silicon layer in between. This might lead to inhomogeneous 
mixtures, inhomogeneous infiltration, shrinkage of the body and problems with the shape stability. 
Therefore our method is the preferred. 

It is also possible to combine intentional graphitization and addition of carbonaceous materials 
25 from the beginning, for instance by adding a larger amount of binder from the beginning, but the 
method according to the present invention is the preferred. Tests with mixing diamonds together 
with carbonaceous materials like carbon black and carbon fibres, and binders like paraffin and 
epoxy resins, was made. The results from these tests showed that the work-pieces and the 
samples after infiltration had cracks and breaches and also showed changes in shape. 

30 

ADVANTAGES WITH THE PROCESS AND MATERIAL ACCORDING TO THE PRESENT 
INVENTION 

One of the great advantages of the present invention is that the process parameters can be varied 
to accomplish the desired diamond graphitization in the work-piece to provide optimal conditions 
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for the production of a polycrystalline body of predetermined desired shapes and sizes, having 
desired strength, physical and mechanical properties. In comparison with methods where carbon- 
coated or non-coated diamonds are mixed with carbonaceous materials for production of 
diamond-silicon carbide-silicon composites, the proposed method using graphitization and when 
required, pyrocarbon deposition or pre-infiltration of silicon, has several advantages: 

1) During diamond graphitization the graphite is formed directly on the surface of all diamond 
particles and during possible deposition of pyrocarbon directly on graphitizised diamonds. 
Therefore carbon is tightly in contact with the surface.Thus, the critical small pores between 
particles remain free for subsequent silicon infiltration of the intermediate body. Smaller 
particles of carbon black or carbon fibres etc. are placed between the diamonds when using 
known techniques of mixing carbonaceous materials with diamond particles. These smaller 
particles may agglomerate in the narrowed pores, thus making the pore sizes even smaller, 
which may affect the silicon-infiltration negatively. 

2) The distribution of carbon is important for the properties of the final material. The carbon 
layer is in tight contact with the diamond surface by the diamond transformation into graphite 
and by possible deposition of pyrocarbon onto the body. This tight contact guarantees the 
formation of silicon carbide directly on the surface of the diamond particles thus forming a 
diamond-matrix interface of high adhesion i.e. the diamonds are tightly bonded to the silicon 
carbide-silicon matrix. The properties are improved due to the high adhesion of both small 
and large diamonds. The diamonds will not chip out from the matrix so easily while used in 
different applications. The material is extremely wear resistant. When using in operations 
requiring very strong bonding, the large diamond particles will be used totally in the process, 
while in traditional abrasive materials (with metallic or organic bonds) the diamonds are only 
used to about 50 vol.-% before falling out from the matrix. 

3) Heat treatment of the eventual binder and graphitization can be accomplished using the same 
equipment as for silicon infiltration (when pyrocarbon deposition is not used). Thus these 
process steps can be realised step by step in the same furnace resulting in decreased overall 
time for producing the final material. 

4) The graphitization of diamond starts on the surface of the diamond particles, gradually 
propagating deeper into the particle. The graphitization transforms the defective layer on the 
diamond surface, resulting in improvement of the particle properties and as a consequence, of 
the whole composite material for instance regarding the thermal stability. This allows the use 
of relatively low cost diamonds. 

5) In the present invention, graphitization of diamond with or without deposited pyrocarbon 
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avoids the various problems associated with physically mixing in carbonaceous materials as 
the source of carbon. These problems include non-uniform distribution of carbon, incomplete 
reaction with silicon, blocking of pores and inhomogeneities due to different size, shape and 
density of the mixed materials. 
5 6) The graphitization will provide for fast and proper carbon formation in the whole body 
volume, starting from the surface of the diamond, expanding linearly. Only a relatively small 
amount of diamond is transformed. Thus when producing very thick and large bodies, the 
graphitization is advantageous due to the ability to form carbon even iri deeper parts of the 
body without risk of blocking the pores for the subsequent infiltration. 

10 7) In our method the initial green body contains only one solid material, diamonds. This is 
advantageous when using up-to-date forming methods such as slip casting or slurry casting. 
These forming methods provide for production of articles with complex shapes. When using 
mixtures where the particles have great difference in densities and size, and if fibres are used, 
these forming methods may be more complicated. 

15 8) The process can give various different complicated shapes due to near net-shape techniques 
and the ability to machine the intermediate body with advanced methods. Pyrocarbon 
deposition or pre-infiltration of silicon will provide for sufficient green strength for machining 
complicated shapes. The shape and size of the final body is not restricted to moulding 
techniques. This leads to cost advantages by not being restricted to forming techniques by the 

20 use of moulds and by avoiding the expensive use of mould during the heat treatment and 

silicon infiltration steps. Besides, there will not be problems with releasing bodies from the 
mould. 

9) The process according to the present invention gives significant cost advantages due to the 
fact that a great number of bodies may be produced in one batch and the main method to 

25 produce carbon, graphitization of diamond, is a faster method than pyrocarbon and uses no 

gas. Due to the machinability of strong intermediate bodies, tedious and expensive machining 
of the final body may be avoided. If no additional machining is needed, the process is very 
simple, a "one step process" where the graphitization of diamond is performed during the 
temperature raise before the silicon infiltration. There is no need of using moulds otherwise 

30 than for, in some cases, forming. Due to the net-shaping, no or very little finishing and 

machining of the final product is needed, which reduces the costs further. Diamonds with a 
relatively lower price may be used. 
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The material according to the present invention holds several advantages: 
The versatility of the process is unique. The process parameters can be varied to give the material 
produced desired properties. With this method it is possible to produce not only materials of good 
wear resistance and with improved performance for abrasive, grinding and other mechanical 
5 removing operations but also for structural and engineering purposes, load bearing materials etc. 

One feature of the invention is that the proposed material is characterised by the possibility to 
combine different excellent properties simultaneously and to match such properties that 
corresponds best to the various intended applications. 
10 Controllable properties are: 

1 . A high Young's modulus and sufficient strength in combination with low density. 

2. High hardness and high bonding strength of the diamonds results in excellent abrasion and 
erosion wear resistance. 

3. A high thermal conductivity, low thermal expansion coefficient, depending on the diamond 
15 content. 

4. Maintenance of mechanical properties after exposure to temperatures up to 1500°-1600°C. 

5. A ceramic composite with high thermal-shock resistance. 

6. Electrical conductivity. 

20 When mixing together small and large diamond particles, two facts affect the material properties; 
the high adhesion between the diamond particles and the matrix, and the high wear resistance of 
the matrix due to small diamonds distributed therein. Large diamond panicles will drop out from 
the material if the bond to the matrix is insufficient or the matrix has low wear resistance. Small 
diamond particles reinforce the matrix, giving it high wear resistance and increased rigidity, 

25 strength, and thermal conductivity. All this improves significantly the abrasive properties 
(wearing, cutting and other mechanical material removing properties) of the materials: increased 
thermal conductivity decreases the temperature in the working area of diamond particles. 
Increased rigidity of final bodies will prolong the lifetime of the tool when used for high precision 
machining. 

30 

EXAMPLES OF METHOD REALISATION AND MATERIAL PROPERTIES 

The following different diamond types were used for preparation of samples, which were tested: 
ACM 5/3 synthetic diamond particles (size range 3-5 jam), ACM 10/7 synthetic diamond particles 
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(size range 7-10 jam), ACM 14/10 synthetic diamond panicles (size range 10-14 ^m), ACM 
28/20 synthetic diamond particles (size range 20-28 ]xm), ACM 63/50 synthetic diamond particles 
(size range 50-63p,m), and A-800/630 natural diamond particles (size range 630-800 jim,) all 
from Superhard Materials Institute, Kiev, Ukraine. 

5 

Example 1: Control of properties 

To demonstrate our ability to manufacture materials with different properties of key importance 
we have chosen variation in a) E-modulus and b) Electrical resistivity. The method of the present 
invention achieves the result by controllably selecting the following process steps: 
10 1 . A mixture is formed of diamond micro-powder of the type ACM 28/20 and a binder - 25 % 
alcohol solution of phenol formaldehyde resin - in an amount of 2 wt-% dry resin of the mass 
of diamond powder. The mixture is stirred thoroughly and sieved through a screen with mesh 
size of 200 Jim. 

2. Forming of bars of length 50 mm with rectangular cross section area 6x5 mm is made by 
15 pressing using metallic moulds, with a force of 45 kN at room temperature. 

3. The green bodies are removed from the mould, kept at room temperature in air for 10 hours 
subsequently dried at 70*C for 1 hour and hardened at 150°C for 1 hour. The produced work- 
pieces contain 98 wt-% of diamond (56 vol.- %) and has a porosity of 41 vol-%. 

4. Heat treatment of the samples is done in vacuum (pressure 0.1 mmHg) at 1550°C. Sample no 
20 1 was heated 3 minutes, sample no 2 was heated 10 minutes, sample no 3 for 20 minutes and 

sample no 4 heated 30 minutes. 

5. Infiltration is done by melted silicon on the surfaces of the intermediate bodies at 1550°C. 

As a result polycrystalline bars are produced of the length 50mm with rectangular cross section 
25 area 6x5mm, i.e. the size and shape is not changed within the accuracy of the measuring technique 
(± 0.001mm). The bodies contain diamond particles bonded by a matrix of silicon carbide and 
silicon. 

Additionally samples 5-7 were formed (5x6x50mm) of diamond powders using a temporary 
30 binder. Sample no 5 is produced from diamond powder ACM 10/7, sample 6 from a mixture of 
diamond powders ACM 63/50 and ACM 14/10 and sample 7 from a mixture of diamond powders 
ACM 63/50 and ACM 10/7. 

The work-pieces were heat treated at 1550°C in vacuum and then infiltrated by liquid silicon. 
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Table of the properties of the as-fabricated samples: 



Samples 


Content, vol% 


Properties 


No 


Initial 
materia] 


Heat 
treat- 
ment 
[mini 


Diamond 
content 
decrease 

[Wt -Vo] 


D 


SiC 


Si 


E-modulus 
[GPa] 


Electrical 
resistivity 
[mOhmm] 


Final 
porosity 
[vol.-%] 


1 


ACM 28/20 


3 


1 16 


47 


32 


21 


550 


0.28±0.0l 


0.06 


2 


ACM 28/20 


10 


19 


46 


39 


15 


580 


1.03±0.02 


0.09 


3 


ACM 28/20 


20 


22.5 


43 


45 


12 


580 


1.79±0.02 


0.09 


4 


ACM 28/20 


30 


25 


41 


49 


10 


580 


1.88±0.02 


0.12 




















Density 
[ks/m'l 


5 


ACM 10/7 


3 


23 


45 


50 


5 


638 




3300 


6 


60 wt% 
63/50 

40wt% 
14/10 


3 


8 


65 


21 


14 


660 




3280 


7 


60 wt% 
63/50 
40 wt% 
10/7 


3 


12 


62 


31 


7 


718 




3340 





Thus the experiment demonstrates that by controlling process parameters and material 



composition, materials with targeted properties can be obtained. 
5 Especially the decrease of the silicon content in the materials results in increase of the electrical 
resistivity. The electrical resistivity of the material is on a par with the corresponding 
semiconductor materials. The material has sufficient electrical conductivity and it makes possible 
to use electro-erosion machining for additional machining of the material, for instance. The 
electrical resistivity was measured by Four-Probe method. 
10 As can be seen the E-modulus may be varied over a wide range. By changing the small 

diamonds ACM 14/10 in sample 6 to even smaller diamonds ACM 10/7 in sample 7, it is possible 
to increase the E-modulus even more. 

Example 2: Infiltration by dipping in molten silicon 

15 A mixture is formed of diamond powder ACM 10/7 and ethyl alcohol added in amount of 10 wt- 
%. The mixture is stirred thoroughly and passed through a screen with the mesh size of 200 jim. 

Forming of a sample, of length 50mm with rectangular cross section area 6x5 mm is made by 
pressing in a metallic mould with a force about 45 kN, at room temperature. 

The green body is removed from the mould and kept at room temperature for 3 hours. The 
20 work-piece contains 100 wt-% of diamond and has a porosity of 42 vol.-%. 

Heat treatment of the work-piece is carried out in a medium of argon, at a pressure of 800 
mmHg and at 1550°C during 4 min. The heat treatment decreases the diamond concentration in 
the intermediate body by 22 wt-%. Note that the temperature and time of the heat treatment are 
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chosen so that the silicon is totally melted but first after the completion of the work-piece heat 
treatment. Infiltration of the intermediate body is made by dipping it into molten silicon at 
1550°C. 

The resulting polycrystalline body is practically nonporous (<lvol-%) with length of 50 mm 
and a rectangular cross section area 6x5 mm, i.e. the size and shape is not changed within the 
accuracy of measuring technique (±0.00 1mm). 

The final body contains diamond particles bonded by a matrix of silicon carbide and silicon (45 
vol-% diamond, 48 vol-% SiC, 7 vol-% Si) with a density of 3.28 g/cm 3 . The three-point bending 
strength is 400 MPa and was measured on as-fabricated samples without any machining or 
polishing. 

Example 3: Measurement of the thermal stability, E-modulus and specific rigidity 

Sample no 1 is produced of diamond powder ACM 10/7, sample no 2 is produced of diamond 
powder ACM 14/10, sample no 3 from diamond powder ACM 28/20 and sample no 4 from a 
mixture of diamond powders ACM 63/50 and ACM 10/7. Bars were formed of size 5x6x50 mm 
from the diamond powders using a temporary binder. The work-pieces were heat treated at 
1550°C in vacuum and then infiltrated by liquid silicon. 

The density, Young's modulus and thermal stability were measured and the specific rigidity, H, 
calculated using the ratio: H=E/(p*g) where E=Young's modulus, p=density and g=9.8 m/sec 2 , 
gravitational factor (see table). 

Thermal stability was studied by sequential heating of the samples in vacuum at temperatures 
1200°, 1300°, 1400°, 1500°, 1600°C during 45 min. The Young's modulus and shape of the 
samples were tested at room temperature after each heat treatment. The stability temperature for 
keeping the Young's modulus is here defined as the maximum temperature where the Young's 
modulus will not change more than 4% from the initial value after heat treatment. The stability 
temperature for keeping of the shape is here defined as the maximum temperature where the 
shape of the samples is unchanged and where the samples will not crack. 
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Table of the properties of the as-fabricated samples: 



Samples 


Final content 


Properties 


No 


Initial 
diamond 
powder 


\/f o ♦ » r"t o 1 
Ma 4© rial 

composition 
[vol -%] 


Densitv 
[kg/m*] 


Young's 
modulus 
[GPa] 


Specific 
rigidity H 
(10 6 m) 


Thermal stability 
[°C] 






Keeping of 
Young's 
modulus 


Keeping of 
shape 


1 


10/7 


Diamond 46 
Si 7 


3290 


630 


19.1 


1500°C 


I500°C 


2 


14/10 


Diamond 46 
SiC 42 
Si 12 


3250 


580 


17.8 


1500°C 


1500°C 


3 


28/20 


Diamond 49 
SiC 31 
Si 20 


3180 


560 


17.6 


1500°C 


1700 °C 


i 4 


60 wl% 
63/50 
40 wt% 
10/7 


Diamond 62 
SiC 31 
Si 7 


3340 


718 


21.5 


1600 °C 


1600 °C 


Data tor SiC ceramics, source 1) 


3100-3200 


400 -420 


13 







The results shows that the produced materials have a unique thermal stability: they keep their 
properties up to 1500°C, that is by 300-400°C higher than for other diamond poly crystalline 
materials, see source 2). Thus, the produced. material can be used in high temperature conditions. 
The table shows also that the materials have excellent rigidity that is much higher than properties 
of known materials. 

1) G.G.Gnesin. "Oxygenless ceramic materials", Kiev Technology, 1987, p. 139-142. 

2) A. A. Shulzhemko, "Polycrystalline materials on the basis of diamond", Kiev, 1989. 



Example 4: Measurement of the bending strength 

Sample 1 is made of diamond powder ACM 14/10 and sample 2 of ACM 28/20. Sample 3 is 
made of a mixture of diamond powders ACM 63/50 and ACM 10/7. Sample 4 is made of a 
mixture of diamond powder ACM 63/50 and ACM 28/20. Sample 5 is made of ACM 28/20. 
Samples 1-5 are made according to the example 3, but sample 1-4 as circular plates: (0=2Omm, 
h=2mm) and sample 5 was produced as a bar for measurement of the three-point bending 
strength. 
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Table of the properties of the as-fabricated samples: 



Sample 


Initial diamond 
powder 


Material composition 
[vol %1 


Density 
[kg/m 3 l 


<T bead biaxial 

fMPal 


1 


14/10 


Diamond 46 
SiC 42 
Si 12 


3250 


260 


2 


28/20 


Diamond 49 
SiC 32 • 
Si 19 


3190 


115 


3 


90 wt-% 63/50 
10 wt-% 10/7 


Diamond 58 
SiC 14 
Si 28 


3140 


125 


4 


80 wt-% 63/50 
20 wt-% 28/20 


Diamond 57 
SiC 14 
Si 29 


3120 


136 










nvtPai 


5 


28/20 


Diamond 44 
SiC 48 
Si 8 


3270 


310 



The table shows that the as-fabricated plates of the material have sufficient bending strength for 
applications as a construction material, for instance. The bending strength is measured on as- 
fabricated samples without any machining or polishing. 



to 



Example 5: Measurement of the thermal conductivity 

All samples were produced according to example 3. Samples 1-3 are made cylindrical (0=15mrn, 
h=10mm). Samples 4-8 are cylindrical (0=2Omm, h=2mm). For used diamond powders see table. 
The thermal conductivity of the samples was determined by measuring temperature differences on 
samples during transmittal of stationary thermal flow. Two radial openings of diameter 1mm and 
depth 8mm parallel to cylinder base were made in the samples 1-3, using electro-erosion. The 
distance between the openings was 6 mm. 



Sample 9 was made from a mixture of diamond powders ACM 63/50 and ACM 14/10. The 
15 thermal expansion coefficient was measured with the use of a quartz dilatometer in the 
temperature range 20-100°C The change of the linear dimensions of the sample versus increase 
of temperature was measured. Thus thermal expansion coefficient along the sample length was 
determined. 
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Table of properties: 



Sample 


Initial diamond 
powder 


Composition [vol-%] 


Thermal conductivity 
[W/mK] 


D 


SiC 


Si 


1 


5/3 


zy 


ir\ 

f\j 


i 
i 


180 


2 


28/20 


49 


20 


31 


200 


3 


14/10 








260 


4 


60 wt-% 63/50 
40 wt-% 5/3 


54 


40 


6 


370 


5 


10/7 


45 


48 


7 


267 


6 


28/20 


47 


32 


21 


259 


7 


Al 








225 


I 8 


Cu 








400 


Data for silicon carbide ceramics, 
source 1). 








80-85 












Thermal expansion 
coefficient fx 10 6 /K1 


9 


60 wt-% 63/50 
40 14/10 


65 


21 


14 


2,2 



The table shows that the samples made according to the present invention have excellent thermal 



conductivity that is much higher than of the silicon carbide ceramics, and greater than for 
aluminium. Sample 4, having a greater concentration of diamond, has thermal conductivity close 
5 to that of copper. 

The thermal expansion coefficient of the diamond composite is very low. 

1) G.G.Gnesin. "Oxygenless ceramic materials", Kiev Technology, 1987, p. 139-142. 

10 Example 6: Measurement of the biaxial strength of green bodies, work-pieces and 
intermediate bodies 

After graphitization and deposition of pyrocarbon, the strength of the intermediate bodies will 
increase, which allows machining of the intermediate bodies before Si- infiltration. In this test the 
biaxial strength of green bodies, work pieces and intermediate bodies were measured. 
15 Intermediate bodies consisted of pyrocarbon deposited and graphitizised bodies. 

Green bodies were prepared by pressing of the diamond powders. Work-pieces were prepared 
by heating the green bodies in vacuum at 1000°C in 20 minutes to remove binders. The 
intermediate bodies were prepared by graphitization at 1550°C for 3-30 minutes and 
20 deposition of up to 5 wt.-% pyrocarbon at 850°C, or in different order. 

The samples can be divided into nine groups depending on their treatment. Two types of samples 
(different diamond particle sizes) were prepared for each group. Five samples of each combination 
of treatment and panicle sizes were tested and the results are presented as mean values. 
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Table of the mean biaxial strength: 





Diamond 






Sample 


particle size 


Sample treatment procedure 








fMoal 






Green bodies: 




1-2 


5 to 28 


Green bodies by pressing 


1.1-1.4 






Work-pieces: 




3-4 


5 to 28 


Work-pieces heated at 1000°C 


2.8-3.4 






Intermediate bodies: 




5-18 


5 to 28 


Graphitization 3-30 min and deposition of pyrocarbon. 


2.3-12.9 



As can be seen from the table the strength of the work-pieces were significantly higher (about 2 
times) than that of the initial green bodies. Deposition of pyrocarbon is an effective method to 
increase the sample strength, and can be used both after and before graphitization. 

In summary, the result shows that intermediate bodies of good mechanical strength can be 
obtained, which allows machining before Si infiltration. 



Example 7: Thermal shock resistance 

10 A preliminary test was done on the thermal shock resistance. The sample was heated to 1000°C in 
air and then it was put directly in water (quenched) of room temperature. The sample shape 
remained the same and no fractures were observed. 

In a second similar test the strength after thermal shock was measured. A sample of the size 
5x6x50 mm, was prepared of ACM 14/10 diamond particles.The sample was heated to 500°C 
15 and then put in room temperated water. The following examination with optical microscopy did 
not reveal any cracks or defects on the surface. The same procedure was done and similar results 
was obtained after heating to 800°C. After this, the sample was heated to 1 100°C and quenched. 
This time the optical microscopy showed small microcracks on the sample surface. The 3-point- 
bending strength was measured to about 38 MPa, which is much lower than the original strength. 



20 



EXAMPLES OF TECHNOLOGICAL TESTS 

The following different diamond types were used for preparation of samples, which were tested: 
EMBS 30/40 mesh natural diamond particles, SDB 1025 30/40 mesh, synthetic diamond crystals, 
25 SDB 1125 30/40 mesh synthetic diamond crystals and DEBDUST 30/40 mesh natural ovalised 
diamonds, all from De Beers Co. 30/40 mesh is equal to diamond particles in the size range of 
420-600 Jim. 

Diamond micropowders ACM 10/7 (size range 7-10 jim), ACM 14/10 (size range 10-14 jam), 
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ACM 28/20 (size range 20-28 (am), ACM 40 (particle size less than 40 ^m), ACM 63/50 (size 
range 50-63 ^m) and A-800/630 natural diamond particles (size range 630-800 jim,) all from 
Superhard Materials Institute, Kiev, Ukraine. 

5 Example 8: Dressing tool tests; Comparison of the wear resistance 

With this example we will show that we can control the properties by the choice of diamond type, 

diamond quality, particle sizes and particle size distribution: 

The dressing conditions in this example were: 

Vwheci = 35 m/sec, S^^cc =0.8 m/min, Scn» = 0.02 mm/turn. 

10 The samples were tested for dressing of different Russian abrasive wheels (diameter 600 mm and 
width 63 mm) of the following types: 600x63X305 14A40FI CM1 6K7II (electrocorundum 
wheel, soft to medium); 600x63X305 14A40n CT3 7K5 (elecrocorundum wheel, medium to 
hard); 600x63X305 14A25I1 CM2 6K5 (electrocorundum wheel, soft to medium); 600x63X305 
14A40n CT3 37K5 (electrocorundum wheel, medium to hard) and 600x63X305 63C40n CM1 

15 6K7 (green silicon carbide wheel, soft to medium). 

Dressing tool test no 1. 

Samples 1-11 were tested against a reference material a composite material «Slavutich» (with 
diamonds of the type A-800/630 in a matrix of cemented carbide) from Superhard Materials 
20 Institute, Kiev, Ukraine. 
Sample preparation: 

See the table below for diamond types used for the preparation of the samples and the relation 
between the different types. All samples are produced from mixtures of very large (>420^m) and 
finer diamonds. 

25 Diamond types used, mass ratios of the different diamond particles and size ratio: 



Sample 


Larger diamonds 


Finer 
diamonds 


PyC 
content 


Mass ratio; 
Large/Fine 


Ratio of mean 
particle size: 
Large/Fine 


Nol 


A-800/630 


ACM 10/7 




6/10 


84 


No 2 


A-800/630 


ACM 14/10 




6/10 


60 


No 3 


EMBS 30/40 mesh 


ACM 14/10 


5% 


12/10 


43 


No 4 


EMBS 30/40 mesh 


ACM 28/20 


5% 


12/10 


21 


No 5 


EMBS 30/40 mesh 


ACM 10/7 




6/10 


60 


No 6 


EMBS 30/40 mesh 


ACM 10/7 




12/10 


60 


No 7 


EMBS 30/40 mesh 


ACM 10/7 




23/10 


60 


No 8 


SDB 1025 30/40 mesh 


ACM 10/7 




12/10 


60 


No 9 


SDB 1125 30/40 mesh 


ACM 10/7 




12/10 


60 


No 10 


SDB 1125 30/40 mesh 


ACM 10/7 




6/10 


60 


Noll 


DEBDUST 30/40 mesh 


ACM 10/7 




6/10 


60 
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A binder (20% water emulsion of poly(vinylacetate) PVAC) is added to the diamond mixtures for 
samples 1-2 (the amount of the mass of dry PVAC is 1 wt% of diamond mass). A binder (25% 
alcohol solution of phenol formaldehyde resin) is added to the diamond mixtures for samples 3-7, 
5 10 and 1 1 in amount of 8 % of the mass of diamonds (that is equal to 2 wt.-% of dry resin). Ethyl 
alcohol is added to the diamond mixtures for samples 8 and 9 in amount of 10 wt-%. 
All the mixtures were thoroughly stirred, mixtures for samples 1-2 were sieved through a screen 
of mesh size 1.5 mm, and mixtures for samples 3-1 1 were sieved through a screen with mesh size 
of 1 mm. The forming of all samples is done by pressing using a metallic mold at room 

10 temperature with a force of 15 kN. The pressed bodies are removed from the mold. The samples 
are cylindrical with diameter of 10 mm and height of 10 mm. Samples 1-2 dried at 70°C for 1 
hour. Samples 3-7, 10 and 11 are left in air at room temperature for 10 hours with subsequent 
drying at 70°C for 1 hour and hardening at 150°C for 1 hour. Samples 8 and 9 are kept in air, at 
room temperature for 3 hours to evaporate the temporary binder, ethyl alcohol. The samples 1-2 

15 were heat treated during 4 minutes at 1550°C in vacuum (pressure of 0.1 mm Hg). Pyrocarbon 
was added up to 5 wt-% at 870°C to samples 3-4. The graphitization of the samples 3-1 1 is done 
in vacuum (at pressure of 0,1 mmHg) at 1550°C for 3 minutes.The decrease in the diamond 
content in the produced intermediate bodies is 8-14 wt-%. 

All samples were infiltrated at 1550°C by liquid silicon when the silicon placed on the 
20 intermediate body surface starts to melt. 

The final bodies 1-2, 3-7 and 1 1 comprises very large particles of natural diamond bonded by a 
matrix formed by finer diamond particles, silicon carbide and silicon. The final bodies 8-10 
comprises the same except that the large diamond particles are synthetic. 
25 The final body compositions: 



Sample 


Larger 
diamonds 
[voL-%1 


Finer diamonds 
[voL-%] 


SiC lvo!.-%] 


Si [vol.-%J 


Calculated 
hardness of 
matrix: 


No 1 


25 


34 


35 


6 


57 


No 2 


25 


36.6 


30,6 


7,8 


60 


No 3 


37,5 


30,1 


14,1 


18,3 


57 


No 4 


37,5 


27,8 


26,6 


8,1 


57 


No 5 


25 


33,5 


34.7 


6.8 


57 


No 6 


37,5 


23,9 


27.7 


10.9 


51 


i No 7 


50 


16,2 


21.0 


12.8 


45 


No 8 


37,5 


23.9 


27,7 


10.9 


51 


No 9 


37.5 


23,9 


27.7 


10.9 


51 


No 10 


25 


33.5 


34.7 


6.8 


57 


No 11 


25 


32,6 


34.2 


8.2 


57 



PCT/EP98/04414 



CONFIRMATION COPY 



WO 99/12866 PCT/EP98/04414 

37 

The calculated hardness of matrix was obtained assuming a diamond hardness of lOOGPa, a 
silicon carbide hardness of 25GPa and a silicon hardness of lOGPa. 

The samples 1-4 was tested for dressing of abrasive wheels of the type 600x63X305 14A40II 
5 CM1 6K7II: 



Relative consumption of large diamond particles [mg large particles / kg abrasive wheel]: 



Sample 


Initial diamonds 
(+ pyrocarbon content) 


Medium relative 
consumption of test 
sample [mg/kg] 


Medium relative 
Consumption of larger 
diamonds 
[mg/kg] 


Sample 1 


A-800/630 + ACM 10/7 




0.66 


Sample 2 


A-800/630 + ACM 14/10 




0.63 


Sample 3 


EMBS 30/40 mesh + ACM 
14/10 (+5%pyC) 


1.91 


0.78 


Sample 4 


EMBS 30/40 mesh + ACM 
28/20 (+5% pyC) 


1.59 


0.59 


Slavutich 


A-800/630 




2.16 



Thus, the wear resistance of the bodies produced by the given example is about 3 times greater 
than the wear resistance of «Slavutich» material. 



10 



15 



• The samples 5-9 was tested for dressing of abrasive wheels of the type 600x63X305 14A25n 
CM2 6K5: 

Relative consumption of large diamond particles [mg large particles / kg abrasive wheel]: 



Sample 


[mg/ abrasive kg] 


Sample 5 


0.52 


Sample 6 


0.54 


Sample 7 


0.72 


Sample 8 


0.60 


Sample 9 


0.45 


Slavutich 


1.5 



20 



The wear resistance of the samples is about 2-3 times greater than the wear resistance of the 
Slavutich material. 

By chosing samples from the test, with small diamonds of the same size and types and large 
diamonds of the same size and type, i.e. samples of same conditions, it is possible to see how the 
silicon content affects the wear resistance of the body. 

By comparing the samples 5, 6 and 7 we can see a trend between the silicon content and the 
calculated hardness and also the wear resistance of the matrix (consisting of small diamonds, 
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silicon carbide and silicon), see table below. The calculated hardness values correspond with the 
measured overall hardness 57-61 GPa (see example 12). 



Sample 


Larger 
diamonds 


Finer 
diamonds 


Si content of 
matrix 
[voL-%1 


Si content of 
composite 
[voL-%] 


Calculated 
hardness of 
matrix: 


Wear 
resistance 


No 5 


EMBS 30/40 
mesh 


ACM 10/7 


9 


6.S 


57 


0.52 


No 6 


EMBS 30/40 
mesh 


ACM 10/7 


17 


10.9 


51 


0.54 


No 7 


EMBS 30/40 
mesh 


ACM 10/7 


26 


12.8 


45 


0.72 



silicon content. By comparing sample 8 and 9 with the same small diamond type (ACM 10/7), 
same calculated matrix hardness (57GPa) but with different large diamonds, SDB 1025 and SDB 
1 125 respectively, we can see that the better quality of sample 9 diamonds gives a better wear 
resistance. 



• The samples 10-1 1 was tested for dressing of abrasive wheels of the type i) 600x63X305 

14A40II CT3 37K5 and ii) 600x63X305 63C40II CM1 6K7: 
Relative consumption of large diamond particles [mg large particles / kg abrasive wheel]: 





Wheel type i 
[mg/ abrasive kg] 


Wheel type ii 
[me/ abrasive kg] 


Sample no 10: 


1.57 


2.31 


Sample no 11: 


1.07 


2.16 


Slavuiich: 


4.13 


13.2 



dressing of wheels of medium hardness. At dressing of green silicon carbide wheels they are 6 
times greater. 



Dressing tool test no 2 

Sample 1 was made according to dressing tool test no 1, using diamonds of type EMBS 30/40 
mesh and ACM 14/10. As reference material dressing tools, samples 2-3, from WINTER 
company (Ernst Winter & Sohn Diamantwerkzeuge GmbH & Co., Norderstedt, Germany) were 
tested. 

Sample 2 - WINTER PRO 88 D601 H770 (diamonds in cemented carbide matrix) 
Sample 3 - WINTER PRO 88 D71 1 H770 (diamonds in cemented carbide matrix) 

• The samples 1-3 were tested for dressing of abrasive wheel of the type 600x63X305 14A40n 
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CT3 7K5. The duration of the test was 20 minutes. 3% Na 2 C0 3 emulsion was used as coolant. 



Sample 


The relative consumption of large diamonds 
fmg large particles / kg abrasive wheel): 


Sample 1 


0.9 


Ref. sample 2 


6.4 - 6.6 


Ref. sample 3 


4.0-12.0 



The wear resistance of the sample produced according to the invention is about 4-10 times greater 
than the wear resistance of the reference materials. 



5 Example 9: Microstructure analysis: 

The specification of the dressing tools used for the microstructure analysis: 



Sample 


Content/Name 


Dimension (mm) 


Matrix 


1 


A-800/630 25vol% 


(t>= 8 


SiC+ Si 




ACM 14/10 75 vol% 


h = 7.5 




2 


PRO88 D601H770 


<t>=8 


Cemented WC 






h= 7.9 





The grinding surfaces of two samples were observed with a JSM-840 scanning electron 
microscope (SEM). Both samples were dense, and contained large diamonds with 400-800 ^m 
10 particle sizes. The surface of the sample no 2 was quite rough and several diamond particles had 
been pulled out from the matrix. There were some scratches on the surface, which might arise 
from the diamond particles that has been fallen out. The surface of the sample no 1 was flatter 
than that of the sample no 2. No diamond particles were pulled out from the matrix, which 
indicates that the diamonds are strongly bonded to the matrix. 

15 

Example 10: Abrasion test, erosion test and hot steel sliding test 

These following tests shows the strong bonding between the diamond particles and the matrix: 

Two diamond composites were evaluated in an abrasion test, an erosion test and a test with 
sliding against hot steel. Sample 1 was made with 60% of diamond powder ACM 63/50 and 40 % 
20 ACM 10/7. Sample 2 was made with diamond particles ACM 14/10. 

The following reference materials were used. All the standard materials are available on the 
commercial market and the data given for these here are Data Sheet information: 
Ref. 1: Alumina from Sandvik Coromant AB, grade AZ96, containing 2.8wt.% zircon. Hardness 
25 of 1 820 HV and a fracture toughness of 5.4 MN/m 3/2 

Ref. 2: Reaction bonded (Si infiltrated) silicon carbide from Goodfellow, labelled SiSiC, with 

about 10 % free silicon. Hardness of 2500-3000 kgf/mm 2 . No specified fracture toughness. 

Ref. 3: Pure silicon carbide, from Matenco AB, labelled SiC. Hardness of 2000 HV and a 
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fracture toughness of 3.8 MN/m 3/2 . 

Ref 4: Cemented carbide from Sandvik AB, grade H6M, with 1.3 |im panicles of WC in 6 wt.-% 
Co. Hardness of 1720 HV and fracture toughness of 10.1 MN/m 3/2 

Ref 5: Polycrystalline diamond (PDC) on cutting tips of T-MAX U from Sandvik Coromant AB. 



Abrasion with a diamond slurry 

A crater grinding technique was used. Spherical craters are produced on sample surfaces by 
rotating a stainless steel wheel with a rounded rim against the rotating sample. An abrasive 
medium, a particle slurry is added. The combined motions of the wheel and the sample result in a 
spherical crater ground into the sample surface. 

A steel wheel of 20mm diameter and a load of 20g was used. The abrasive was of 4 ^im mono- 
crystalline diamonds mixed with a commercial standard liquid (Kemet type 0) to a concentration 
of25g/L 

The volumes of the craters were measured with an optical profilometer and the removed 
volume per sliding distance was calculated. 

Due to the large difference in wear resistance of the materials, different total sliding distances 
were chosen for the materials. The diamond composites, sample 1-2, were tested for 30.000 
revolutions (corresponding to 1861m of sliding); the polycrystalline diamond (PDC) was tested 
for 8000 revolutions (500m); the ceramics were tested for 800 revolutions (50m) and the 
cemented carbide for 600 revolutions (38m). By varying the total number of revolutions, the final 
wear scar diameters were kept between 1-2 mm. At least five craters were produced on each 
sample. 



Table of measurement results 



Material 


Average crater 
diameter yun 


Revolutions 


Abrasion rate 
ywa/m 


Sample 1; ACM 63/50 + ACM 10/ 7 


1.04 ±0.10 


30.000 


0.85 ± 0.14 


Sample 2; ACM 14/10 


l.il±0.14 


30.000 


2.49 ± 0.20 


PCD 


0.48±0.02 


8000 


26.9±0:i5 


SiSiC 


1.64 ±0.03 


800 


274.2 ± 12.7 


SiC 


1.38 ±0.03 


800 


279.8 ± 5.6 


AZ96 


1.82 ±0.04 


800 


530.8 ± 10.4 


H6M 


1.80 ±0.02 


600 


693.9 ± 18.7 



Both diamond composites exceeded most reference materials in terms of abrasion resistance with 
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more than two orders of magnitude (about 100 times better) and even the PCD ten times. 
Comparing the diamond composites, the sample containing only one particle size 10/14 was worn 
about three times as fast as the sample of two particle sizes 50/63-7/10. 

5 Scanning electron micrographs of the abraded surfaces of the sample 1 and 2 showed that most 
diamonds were still firmly held by the matrix. Grooves from the abrasion were not a common 
feature on these surfaces. The matrix seemed to have been removed around the large diamonds, 
leaving the diamonds protruding from the surface. In particular the large diamonds in the 50/63- 
7/10 material showed flat, polished-like surfaces. No signs of fracturing, pulling out or crushing of 

10 the diamond phase could be seen. For scanning electron micrographs Al) for sample 1 and A2) 
for sample 2, see appendix. 

The abraded surfaces of the PCD material revealed preferential removal of an intergranular 
phase, presumably a metal binder, followed by falling out of the diamond particles. The wear scars 
of all other reference materials contained abrasion grooves, together with other types of damage. 

15 They also showed local small scale fracture, presumably at grain boundaries. 

It is believed that the dominant wear mechanism of diamond composites is the removal of the 
matrix followed by whole diamonds as the support from the matrix disappears; the large diamond 
phase is thus more difficult to remove from the surface than the small diamond phase. This could 
explain the superior performance of the sample 1 compared to sample 2. 

20 

Dry particle erosion resistance 

The test was made in a centrifugal equipment. Batches of specific amounts of erosive are added 
into a container and fed at a continuous rate into the centre of a rotating disc. The erosive is slung 
radially through channels in the disc due to centrifugal forces and hit the samples mounted at the 

25 periphery at fixed angles in relation to the stream of erosive. 

The tests were done with 80 mesh (200 \xm) silicon carbide erodents with a hardness of about 
2500 HV. The impact angles were 45° and 90° and the impact velocity of the erosive particles 
was 93 m/s. The samples were masked leaving an area of 8.5x8.5 mm unprotected. 

The weight loss of each sample per mass of impacting erodents was measured by weighing the 

30 samples before testing and after four specific intervals of exposure to erosion. For 1000 g charge 
of erosive each sample was hit by 10.8970 g and 7.1265 g for the impact angles 90° and 45°, 
respectively. The erosion rates were calculated from slopes of the curves describing the mass loss 
of the samples per impacting mass of erodents. 
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Table of results 



IVf 5itf*riii1 

LY1HICI lol 


impact <tngic 


/werage material loss 


Erosion rate 






mg 


mg/g 


Sample 1; 


90° 


0.9 


v.UO 


ACM 50/63 + ACM 10/7 


45° 


0.5 


0.07 


Sample 2; 


90° 


2.2 


0.21 


ACM 10/14 


45° 


1.2 


0.17 


SiSiC 


90° 


16.3 


1.50 




45° 


7.8 


1.10 


SiC 


90° 


6.5 


0.63 




45° 


2.2 


0.34 


AZ96 


90° 


14.7 


1.35 




45° 


6.3 


0.88 


H6M 


90° 


13.5 


1.24 




45° 


6.3 


0.88 



The diamond composites, sample 1 and 2, performed better than the reference materials. For 



most reference materials the diamond composites were about one order of magnitude (about 10 
times) better. Sample 2 (ACM 14/10) was however only a few times better than the best 
references (SiC and H6M), particularly in 45°erosion. 

Normal impact erosion consistently resulted in higher wear rates than the 45°erosion, which is 
in agreement with the experience from brittle materials see source 3). However the difference in 
erosion rates between the two angles of impingement was relatively low for the diamond 
composites, in particular for sample 1. 

3). Jacobson and S. Hogmark, "Tribologi", Karlebo fbrlag, 1996). 

Scanning electron micrographs of the eroded surfaces of the diamond composites showed that 
15 both the diamonds and matrix are clearly visible. In contrast to abraded surfaces, signs of spalling 
or fracture can be seen here, in particular for the large diamond particles. The diamonds seems to 
adhere well to the matrix, though. There are no signs of removal of whole diamonds in the 
composite or of total crushing of the diamond phase. Instead a continuous wear-down of the 
particles and the matrix together seem to be the dominant wear mechanism. 
20 Eroded surfaces of the silicon carbides revealed large amounts of fracture over the whole eroded 
surface. Small-scale fracture seems to be the dominant wear mechanism. The alumina AZ96 
revealed signs of both fracture and ductile indentation, whereas the cemented carbides seemed to 
be worn by a more ductile mechanism not resulting in much traces of fracture on the surfaces. 
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Test regarding properties in dry sliding against hot steel 

Only the diamond composites were evaluated in this test. 5 mm wide composite rods were 
pressed by hand with loads of about 50-100 N, against the rim of a rotating stainless steel (AISI 
316) heated to temperatures between 600° and 950°C with an acetylene-oxygen flame. The steel 
5 was 600 mm in diameter and about 40 mm wide and it was rotated at about 10 rpm. 

Before the test the wheel rim was ground clean from scales. The composite rods were pressed 
against the glowing steel wheel for periods up to one minute. The test was repeated a number of 
times with the aim of producing observable wear scars. 

The test did not result in any noticeable material removal from either of the composites. At 
10 higher temperatures around 900°C, steel sometimes tended to be smeared onto the composite. At 
these temperatures the steel was also easily cut away from the wheel, using the composite pieces 
as cutting edges. The scanning electron micrographs after hot steel sliding did not reveal any 
changes of the surfaces. 

15 In an additional test against the rotating steel wheel heated to about 900°C, the composite was 
alternatively pressed for about 2-3 minutes and then ground against 220 mesh SiC abrasive paper. 
This procedure was repeated ten times at different locations of the rods. It was not possible to 
achieve any significant material removal by this additional test. 

20 Example 1 1 : Turning test; turning of Al-Si 390 

Four diamond-SiC-Si composites, samples 1-4, have been evaluated in unlubricated continuous 
cutting, by performing turning tests with an aluminium-silicon alloy as working material. The 
materials are characterised in terms of tip wear after a specific turning sequence and with scanning 
electron microscopy micrographs. 
25 Sample 1 was produced from diamond particles ACM 5/3, sample 2 of ACM 10/7, sample 3 of 
ACM 40 and sample 4 of ACM 63/50. The samples tested were 3x12x4mm bodies with all 
corners orthogonal. The composites had relatively sharper edges, with radii varying between 
about 0.01 and 0.1 mm. 

As reference materials two commercial cutting tool inserts from Sandvik Coromant AB were 
30 used: Polycrystalline diamond (PCD), from the T-MAX U series, labelled CCMW 09 T3 04F, 
CD10 and a cemented carbide (CC) cutting insert labelled CCMW 09 T3 04. These inserts had a 
tip angel of 80°, a clearance angle of 5° and a tip radius of 0.4mm. 

The cutting tests were performed in a lathe. As working material, a 270 mm long cylinder with 
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a radius of 200 mm of aluminium silicon alloy labelled Al-Si 390 was used. The Al-Si 390 
work-pieces were mounted in the chuck, with one end left free. The cylinder surfaces were 
initially cleaned from scales by removing a couple of mm from its diameter. The machining was 
performed at the cylinder ends by feeding the inserts towards the axis of rotation 
5 The cutting depth was 0.25 mm the feeding rate 0.5 mm per revolution and the rotational speed 
1000 rpm, giving a maximum sliding speed of about 10 m/s. The composite bodies were tilted an 
angle of 4° to simulate the clearance angle of the commercial inserts. 

The removed projected area of the tip after ten cuts was used as a value of the tip wear. The tips 
10 were evaluated with scanning electron microscopy (SEM). One or two such ten-cut sequences 
were performed on each material. The wear was measured on SEM micrographs using image 
analysis for the area measurements. 

Since the composites had much sharper nose (smaller nose radii) than the commercial inserts of 
15 PDC and CC, additional tests were performed with 5/3 and 40 on blunt noses resulting from the 
first 10 run sequences, which gave nose radii of about 0.2 mm. 

Results: 

All composites, sample 1-4, could be used for turning of the Al-Si 390 alloy. Fracture of a cutting 
20 tip occurred once for the 10/7 composite, but whole tests runs were performed on other sharp 
corners of this body without fractures. 

All the composites performed much better than the conventional cemented carbide (a factor of 
about four in the measured removed areas), but the PCD diamond was better than any of the 
composites, see table. 

25 



Table - Results from turning tests 



Material 


Removed area 
1st run [mm 2 ] 


Removed area 
2nd run fmm 2 ] 


Sample 1 - 5/3 


0.05 


0.04 


Sample 2 - 10/7 


0.06 




Sample 3 -40 


0.04 


0.04 


Sample 4- 63/50 


0.05 




CC 


0.14 


0.17 


PCD 


0.01 


0.008 



The scanning electron micrographs of the cutting tips after cutting showed that the wear of the 
tips resulted from a continuous wear down and rounding of the cutting tips. 
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It can be concluded that dry, continuous cutting by turning can be performed with the evaluated 
composites on Al-Si 390. The composites are tough enough to resist this kind of stresses and, 
although the geometry of the composites was far from optimised for the operation, they comply 
with the PCD diamond cutting insert, and are much better than a conventional cemented carbide. 

The differences in cutting tip shape between the samples 1-4 and the commercial inserts is 
unfortunate, since this makes a comparison between the two unfair. Presumably, composites with 
an optimised geometry (as for the PCD inserts) would perform even better. 

Example 12: Hardness measurements 

The Vickers hardness and Knoop hardness of the composites was measured. 

The samples are made according to example 3. Sample 1 is made of ACM 5/3 diamond powder 

and sample no 2 is made of ACM 10/7. 

Before the test the samples of dimensions 12x12x5 mm, were ground and polished by a 
standard technique for hardness measurements. Flat samples were obtained, but they were not 
fully polished because the material was extremely hard. 

Vickers hardness of a selected area was measured using Microhardness tester MXT-al. The 
standard formula for Vickers hardness calculation: Hv = 0.47P / a 2 (Equation 1), where P is the 
load and a is the half length of the indent diagonal. 

Knoop hardness of a random area was measured using INSTRON 8561 and calculated directly 
by: Hk = P / S (Equation 2), where P is the load and S is the projected area. 



Table of Vickers hardness of diamond/SiC/Si cutting tools 



Materials 


Load 


la 


H v 


Indent 






{\xm) 


(GPa) 


Place 




5 


17 


32.5 


Between diamond particles 




20 


30.8 


39.6 


Between diamond particles 


Sample 1 


20 


32.3 


36.0 


Between diamond particles 


5/3 \nn 


20 


29 


44.7 


Between diamond particles 


20 


23.9 


65.8 


Diamond particles 




20 


28.3 


47.0 


Diamond particles 




20 


26 


55.6 


Diamond particles 




20 


34.5 


31.6 


Between diamond particles 




20 


33 


34.5 


Between diamond particles 




20 


33.5 


33.5 


Between diamond particles 


Sample 2 


20 


28.5 


46.3 


Between diamond particles 


10/7 ura 


20 


25.5 


57.8 


Diamond particles 


20 


27 


51.6 


Diamond particles 




20 


25.8 


56.5 


Diamond particles 




20 


27 


1 51.6 


Diamond oarticies 
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Table of Knoop hardness of diamond/SiC/Si cutting tools 



Samples 


Load 


Long 


Short diagonal 


H k 




(N) 


diagonal 


(um) 


(GPa) 






(urn) 






Sample 1 
5/3 urn 


20 


82.9 


8.5 


56.8 


20 


84.1 


8.5 


56.0 


30 


125 


13 


36.9 


30 


114.9 


12.1 


_ 43.2 


Sample 2 
10/7 jam 


20 


84.2 


7.9 


60.1 


20 


86.4 


8.1 


57.2 | 



According to the design of Knoop indenter, the ratio of the long diagonal to the short diagonal is 
7:1. Here the ratio of the long diagonal to the short diagonal in the indent was almost 10:1, 
5 indicating that the cutting tools have high elastic modulus. 

It can be concluded from the tables that the Vickers hardness of the microstructure depends on 
the measured area. The Vickers hardness in the area between the diamonds was 30-40 GPa, and 
in the diamond particle area 50-60 GPa, i.e. the micro-zones are very hard. 

As seen from the table there are some differences between the Knoop hardness of sample 1 and 
10 sample 2, 37-57 and 57-60 GPa respectively. The smaller diamonds are graphitizised faster wich 
reduces the relative diamond content in sample 1 more than in sample 2. This shows the 
importance of choosing correct size of diamonds. 

The overall material hardness reflected by the Knoop hardness measurements show that the 
composites belongs to the group of superhard materials (>40 GPa). All measurements showed 
15 good repetition. 

Table of typically reported ranges of Knoop hardness for some materials 



Material 


Knoop hardness [GPa]* 


Diamond particles 


80-120 


Polycrystalline diamond. PCD/PDC 


65-80 


Cubic boron nitride. CBN 


35-45 


Boron carbide 


25-35 


Aluminium oxide 


15-22 


Silicon carbide 


21-30 


Tungsten carbide 


17-22 



*) Depending on the crystallographic direction. 



Example 13: Investigation of D-SiC-Si composites and metal brazing processes 

20 Experiments on brazing the diamond composites to the surface of steel and cemented carbide 
have been done with the main goal to estimate the possibility to connect the composites to metal 
by brazing. The brazing was done using Cu-Ti based alloys. 

The experiments shows that the diamond composites are wetted by alloys of the chosen metals 
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and that they can be brazed to steel and cemented carbide. Some difficulties were observed when 
brazing diamond composites to steel. The adhesion of the sample to metal is very high and 
observed cracks are likely to be connected with thermal stresses caused by large diiferences in 
thermal expansion coefficients. 



Sample 


D-SiC 


Cemented carbides 


Steels 


Thermal expansion 
coefficient 


2 


4-6 


17 



Example 14: Coating of D-SiC-Si composites with a diamond fdm 

The D/SiC/Si samples made according to the present invention were successfully diamond coated. 
10 Depositions Conditions: 

Standard hot filament CVD reactor, Tantalum filament, 2300°C, substrate maintained at ~900°C, 
H2/CH4 ratio 1%, Total gas flow 200 seem, pressure 20 Torr, giving a diamond deposition rate 
of -0.5 jam h-1, with crystallite size typically 1-2 \xm. 

Surface pre-treatment. Manual abrasion with l-3^m diamond grit, although this proved 
15 unnecessary for most of these substrates since their surfaces were already sufficiently rough 
Results: 

Studies on cross-sections by microscopy-techniques reveal no debonding or cracks and 
mechanical scratch-tests shows that the coatings are very well adhered. 

The original surface of composites having a bimodal grain size distributions of larger diamonds 
20 and small diamond in a SiC/Si matrix (where the larger where slightly above the matrix because of 
mechanical pre-treatment). It was found that a fine grained diamond coating nucleated and was 
grown between the larger diamonds forming a nice continuous film. So, the diamond coating has 
partially planarised the surface, with the matrix being completely coated, but with these large 
particles still protruding out of the now diamond-coated surface to a height of approximately 
25 5pim. 

POSSIBLE FIELDS OF APPLICATION 

The composite material made according to the present invention is advantageous for applications 
where the combination of different superior properties are needed: 
30 The stated properties make the proposed material valuable for such applications as fine 

instrument-making, including devices which operate under rapid thermal cycles, wear resistant 
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products for mechanical engineering (nozzles for sand-blasting machines, products for mud 
pumps) size-stable supports for devices etc. 

At operations with impacts, for instance milling and turning of unsymmetrical objects and at 
operations where the composite tool is exposed to vibrations there are higher requirements placed 
5 on the material regarding the toughness. At punching operations the hardness and the wear 
resistance of the material is important. A high E-moduIus gives mechanical stability at applications 
requiring size accuracy. 

A high thermal conductivity of the composite tool is important at operations where a lot of 
factional heat is produced in the contact area, 
10 At such applications where the material being in contact with the composite is aimed to be 

unchanged, for instance when used as bearings or similar, size gradient materials are useful. The 
area near the contact zone should have diamond sizes giving the highest possible wear resistance 
and the rest of the composite sizes giving the optimal mechanical properties, strength and 
toughness. 

15 Another interesting application field is sawing and turning of wood and stone etc. where a high 
abrasive ability is combined with sufficient toughness. 

Yet another application is dressing pencils and bars replacing single-crystal diamond dressing 
tools, diamond needles, and tools intended for shape dressing of grinding disks of complex 
profiles. 

20 It is also possible to produce drills; saw components for machining of concrete, granite, 

marble; other construction materials and machining tools. 

The composite material produced according to the present invention is also suitable to use as 
substrates for growing diamond films. See example 17. The technique of creating crystalline 
diamond-coatings using activated low-pressure gases is well known. This offers the potential for 

25 using a component surface with a diamond coating in a range of applications. However, to fully 
use the advantage of such a coating it has to be well bonded to the substrate material, without 
cracks or defects and preferably very fine-grained. Most engineering materials suitable as 
substrates will not fulfil the requirement of acting as nucleating agent for a dense fine-grained 
film, and the "thermal expansion coefficient mismatch" is not low enough to avoid stresses and 

30 cracks at the interface or in the diamond coating when cooling from the reactor temperature. The 
diamond-silicon carbide-silicon composites fulfil the requirements of acting as good nucleation 
agent for diamond film growth, "having a low thermal expansion coefficient mismatch" and an 
extremely good bound between the composite and diamond film. It is possible to grown diamond 
films on composite materials for a number of wear-parts applications. The film thickness should 
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be larger than 3 jam, preferably larger than 10 fim, in most abrasive applications. Such coated 
composites will be especially useful in cutting-tools and bearings, where polished surfaces can be 
obtained with standard techniques such as rotating hot iron- or steel-wheels. The extraordinary 
good performance is a combination of the diamond coating and the strong, wear-resistant 
5 composite. A locally abrasive damage through the diamond coating will not cause any drastic or 
catastrophic change of the good properties of the component. 

METHOD SPECIFICATIONS 

The properties of the claimed material have been determined by the following methods. 
10 Density was determined by hydrostatic weighing method. The method is based on determination 

of their mass in air and in water. Apparent density, which is a ratio of porous body mass (m0 to a 

volume of space occupied by it, including volume of all pores in the material, is determined by the 

formula: p=mixpH2o/(m 2 -m 3 ) 

m2: mass of sample saturated with water, 
15 m 3 : mass of weights balancing the sample saturated with water when weighing it in water, g 

PH20 - density of water, kg/m 3 . 

Thermal conductivity was measured by calorimeter using samples of 0=15 mm and height=10 
mm having radial openings at different heights for placing thermocouples there. Thermal 
conductivity was calculated as a ratio of thermal resistance to a distance between thermocouples. 
20 Sample thermal resistance was determined as a temperature drop of sample at steady-state 
thermal flow through it. The calculations were made taking account of corresponding constants of 
the device. The certified measurement error is ±10 %. 

Three-point bending at room temperature in as-received shape (without polishing). 
Loading rate - 300 N/sec. 

25 Strength (as P ) is calculated by the formula: where 

P- fracture load (N), 

I - length between supports (40 mm) , 

b - width of sample (6 mm) 

h - thickness of sample (5 mm). 
30 Biaxial bending test is a ring-on-ring test where the loading fixture consist of basically two 

concentric rings. The stress field in this test is biaxial with principal directions in the radial and 

tangential directions. The biaxial strength (obiax) of four samples was calculated by: 

o bi « = 3P/47tt 2 [ 2( 1 +v)ln(r s /ri) + ( 1 -v)(r a 2 -r, 2 )/R 2 ] where: 
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P = fracture load (N), t = sample thickness (mm) 

v = Poisson's ratio (0.2), r s = radius of the support ring (7 mm) 

R = radius of the sample, n = radius of the loading ring (3.13 mm) 

Young* s modulus is measured in the direction of axis of a sample with length 50 mm and cross- 
section 5x6 mm by exciting and recording of resonance frequencies of longitudinal oscillations of 
the sample at room temperature. Young's modulus is calculated by the formula: 
E=(p/k4)x(21xfi/4) 2 , where 

E - dynamic Young's modulus, Pa 1 - length of sample (0.05 m) 

k4 - correction factor , equal to 0.98 p - density of material, kg/m 3 

f 4 - resonance frequency, Hz, which corresponds to 3 rd ober-tone (usually - 500-600 kHz) 

Electrical conductivity of samples was measured using samples of size 5x6x50 mm along the 

whole sample length by Four-Probe method. In this case a voltage drop between two internal 

probes was measured while external probes conducted current through the sample. 
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CLAIMS 
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1. A method for manufacturing a diamond-silicon carbide-silicon composite from diamond 
particles, comprising the steps of forming a work piece, 
5 heating the work piece and controlling the heating temperature and heating time so that a certain 
desired amount of graphite is created by graphitization of diamond particles, thereby creating an 
intermediate body, and 
infiltrating silicon into the intermediate body. 

10 2. A method according to Claim 1, wherein the amount of graphite created by graphitization is 1- 
50 wt-%, preferably 6-30 wt-% of the amount of diamond. 

3. A method according to Claim 1 or 2, wherein the heating temperature during graphitization is 
lower than 1700°C. 

15 

4. A method according to Claim 3, wherein the heating temperature and heating time needed for 
the graphitization is empirically determined for the heating equipment used. 

5. A method according to any one of Claims 1- 4, wherein the work piece is formed with a 
20 porosity of 25-60 vol-%. 

6. A method according to any one of Claims 1-5, wherein a certain amount of carbon is deposited 
in the work piece by exposing it to a gaseous hydrocarbon or gaseous hydrocarbons at a 
temperature exceeding the decomposition temperature for hydrocarbon or hydrocarbons. 

25 

7. A method according to Claim 6, wherein at least some graphitization of the diamond crystals is 
done before exposing the work piece to a gaseous hydrocarbon or gaseous hydrocarbons at a 
temperature exceeding the decomposition temperature for hydrocarbon or hydrocarbons. 

30 8. A method according to Claim 6 or 7, wherein the intermediate body is machined into the 
desired shape and size of the final body before the step of infiltration of liquid silicon. 

9. A method according to Claim 1, wherein the intermediate body is heated in the presence of 
vaporous silicon and then machined into the desired shape and size of the final body before the 



CONFIRMATION COPY 



WO 99/12866 

52 

step of infiltration of liquid silicon. 

10. A method according to any one of Claims 1-9, wherein the work piece is formed with a non- 
uniform distribution of diamond particles with various sizes and qualities. 

5 

1 1. A method according to any one of Claims 1-9, wherein the work piece is formed from a 
homogeneous mixture of diamond particles of various sizes eventually with the addition of a 
binder. 

10 12. A method according to any one of Claims 1-9, wherein the diamond particles in the work 

piece is distributed in successively decreasing sizes from the surface of the work piece towards the 
centre thereof 

13. A method according to any one of Claims 1-12, wherein two or more work pieces are made 
15 separately and thereafter being brought together before the heat treatment and the infiltration 

steps. 

14. A method according to any one of Claims 1-7,10-13, wherein the forming of the work piece is 
made in a mould, the heat treatment and the infiltration of silicon being made after the work piece 

20 has been taken out of the mould. 

15. A body in which diamond particles are bonded to a matrix of silicone carbide, said body 
comprising at least 20 vol-% of diamond particles, at least 5 vol-% of silicon carbide, preferably 
more than 15 vol-% of silicon carbide, and silicon, the Young's modulus exceeding 450 Gpa. 

25 

16. A body according to Claim 15, said body comprising at least 29 vol-% of diamond particles, 
at least 14 vol-% of silicon carbide, and silicon, the Young's modulus exceeding 540 Gpa. 

17. A body according to Claim 15, wherein said body comprises at least 46 vol-% of diamond 
30 particles having sizes of about 30 jam at the most, the Young's modulus exceeding 560 Gpa. 

18. A body according to Claim 15, wherein said body comprises at least 54 vol-% of diamond 
particles, at least 60 % of the diamond particles having sizes of at least 50 jam, the Young's 
modulus exceeding 650 Gpa. 
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19. A body according to any one of Claims 15-18, wherein the body maintains its shape and its 
Young's modulus after exposure to a temperature of at least 1500°C. 

5 20. A body according to Claim 15, wherein diamond particles of sizes of about 10 \xm or less are 
embedded and included in the matrix, the Vickers microhardness of the matrix measured in an 
area between diamond particles being greater than 30 Gpa for a load of 20 N. 

21. A body according to Claim 20, wherein diamond particles of sizes of about 10 jam or less are 
10 embedded and included in the matrix, the Knoop macrohardness of the matrix being greater than 

36 Gpa for a load of 20 N. 

22. A body according to Claim 15, wherein the diamond particles have one size fraction of 
particles being larger than 50 \im and one sizes fraction of particles having a size of 50 pm at the 

15 most, the mass ratio falling in the range of 0.25 to 2.5 and the mean particle size being larger than 
10|im, preferably larger than 20^im. 

23. A body according to Claim 15, wherein the diamond particles have one size fraction of large 
diamond particles and one size fraction of small diamond particles, the mass ratio falling in the 

20 range of 0.25 to 2.5 and the mean particle size being larger than 10 jam, preferably larger than 
20|im. 

24. A body according to Claim 23, wherein the diamond particles have one size fraction of large 
diamond particles and one size fraction of small diamond particles, the abrasion rate being less 

25 than 26, preferably less than 10 pun 3 /m. (example 10) 

25. A body according to Claim 23, wherein the diamond particles have one size fraction of large 
diamond particles and one size fraction of small diamond particles, the erosion rate being less than 
0.34, preferably 0.25 mg/g. (example 10) 

30 

26. A body according to Claim 15, wherein diamond particles having sizes less than 20 jim, the 
abrasion rate being less than 26, preferably less than 10 [im 3 /m. (example 10) 



WO 99/12866 



CONFIRMATION COFf 



WO 99/12866 PCT/EP98/044 1 4 

54 

27. A body according to Claim 15, wherein the diamond particles having sizes less than 20 ^im, , 
the erosion rate being less than 0.34, preferably 0.25 mg/g. (example 10) 

28. A body according to Claim 15, wherein the body is hollow. 

5 

29. A body according to Claim 15, wherein a surface of the body is coated with diamond film. 

30. A body according to Claim 15, wherein the body comprises large diamond particles of a size 
larger than 20 pim, the matrix comprising 0-50 vol-% of small diamond particles having sizes less 

10 than 20 urn, 20-99 vol-% of silicon carbide and 1-30 vol-% silicon, the matrix hardness being 20- 
63 GPa. 

3 1 . A body according to Claim 30, wherein the matrix hardness is 20-30 GPa. 
15 32. A body according to Claim 30, wherein the matrix hardness is 50-63 Gpa. 

33. A body according to Claim 30, wherein the matrix hardness is 30-50 GPa. 
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Fig.l Flowchart of the preferred process steps 
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Fig. 2 Degree of graphitization (a) versus grapnitizatioii time (t) at 
one specific temperature. 



a 




Degree of graphitization a 

CONFIRMATION COPY 



WO 99/12866 



PCT/EP98/04414 



3/5 




CONFIRMATION COPY 

/ 



WO 99/12866 



PCT/EP98/04414 



4/5 




CONFIRMATION COPY 



WO 99/12866 



PCT/EP98/04414 




CONFIRMATION COPY 



INTERNATIONAL SEARCH REPORT 



Intern- ial Application No 

PCT/EP 98/04414 



A. CLASSIFICATION OF SUBJECT MATTER , , . 

IPC 6 C04B35/573 B23B27/14 C04B37/00 C04B41/87 



According to International Patent Classtficatlon(lPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 C04B B23B 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and. where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



PATENT ABSTRACTS OF JAPAN 
vol. 018, no. 558 (C-1264), 
25 October 1994 

& JP 06 199571 A (NIPPON SERATETSUKU 
K.K.), 19 July 1994 
cited 1n the application 
see abstract 

EP 0 010 257 A (GENERAL ELECTRIC COMPANY) 

30 April 1980 

cited 1n the application 

see page 5, line 23 - line 25; claims 1-5 

-/- 



1-33 



1-33 



m 



Further documents are listed in the continuation of box C 



El 



Patent family members are fisted in annex. 



° Special categories of cited documents : 

"A" document defining the general state of the art which is not 

considered to be of particular relevance 
"E" earlier document but published on or after the International 

fifing date 

"L" document which may throw doubts on priority dalm(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

h O" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document pubBshed prior to the international filing date but 
later than the priority date claimed 



"T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the princfcle or theory underlying the 
Invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

■Y" document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

document member of the same patent family 



Date of the actual completion of theinternational search 



19 November 1998 



Date of mailing of the international search report 



26/11/1998 



Name and mailing address of the ISA 

European Patent Office. P.B. 581 8 Patentlaan 2 
NL - 2280 HV Rijswqk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo rt, 
Fax: (+31-70) 340-3016 



Authorized officer 



Hauck, H 



Form PCT/ISA/210 (second shaot) (July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



C.(Contlnuatlon) OOCUMENTS CONSIDERED TO BE RELEVANT 



Interr nal Application No 

PCT/EP 98/04414 



Category » Citation of document, with indication.where appropriate, of the relevant passages 



EP 0 012 966 A (GENERAL ELECTRIC COMPANY) 
9 July 1980 

cited in the application 

see page 6, line 17 - line 19; claims 

1,6,7 

see page 25, line 30 - page 26, line 15 

US 4 151 686 A (M. LEE ET AL.) 1 May 1979 
see claims 5-8 



Retevam to claim No. 



1-33 



15-33 



Fotro PCT/tSA/21 0 (continuation of second snoot) (Jtfy 1 992) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

.oimatlon on patent family members 



nal Application No 

PCT/EP 98/04414 



Patent document 


Publication 




Patent family 


Publication 


cited in search report 


date 




member(s) 


data 


EP 10257 A 


30-04-1980 


US 






AT 




97-1 9—1 ORi; 




AT 


689979 A 


15-05-1985 




AU 


534263 B 


12-01-1984 




AU 




01-05-1Q8O 




IE 


HOOlD D 


Uj IjOj 




IN 


1COOCQ A 


m-1 ?-iQfl^ 




JP 


1/iQQcnc; r 


?Q_nC_1 QQQ 




JP 


CCHRAni A A 
ODUOuUi** M 


UO UO 1 3oU 




JP 




UO U27 IjOO 




ZA 


7QnAC^Q A 


tO Uj lyoi 


EP 12966 A 


09-07-1980 


US 


/t9^010A A 


ju it iyou 


US 


yio^7on>l A 
H£**/OUH M 


07_ni -1 Qfll 




AT 




97-1 9—1 Qfll 

C/ It 130J 




AT 


Q1QC7Q A 


ID UD 130J 




AU 


ciAOOC, R 
OJt+CLO D 


1 9-01 -1 QQA 
It Ul IjOH 




AU 


5373879 A 


03-07-1980 




IE 


49733 B 


11-12-1985 




IN 


152702 A 


17-03-1984 




CA 


1136863 A 


07-12-1982 




JP 


1464335 C 


28-10-1988 




JP 


55126580 A 


30-09-1980 




JP 


63013952 B 


28-03-1988 




US 


4353953 A 


12-10-1982 




ZA 


7906719 A 


25-03-1981 


US 4151686 A 


01-05-1979 


CA 


1105497 A 


21-07-1981 



Docket # 

Applic. # 

Applicant: &• Kntrmtj er cf ^ 

Lerner and Greenberg, P.A. 

Post Office Box 2480 
Hollywood, FL 33022-2480 
Tel: (954) 925-1100 Fax: (954)925-1101 



Foirn PCT/ISAO10 (patent famSy amw) (July 1992) 



